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ELECTROSPUN NANOFIBERS OF METHYL METHACRYLATE AND 
BUTYL ACRYLATE COPOLYMERS 
SUMMARY 
This study can be categorized into two parts. The first parts aims to obtain 
Nanofibers of n-Butyl Acrylate/Methyl Methacrylate copolymer by electrospinning 
method which can be used for adhesives and coatings. Emulsion polymerization of n-
Butyl Acrylate (BA) and Methyl Methacrylate  (MMA) initiated by Potassium 
Persulfate (KPS) in the aqeuos medium was performed. Processing parameters 
effects on the morphology such as fiber diameter and its uniformity of electrospun 
polymer nanofibers was investigated. Effects of solutions properties and processing 
conditions on the electrospun nanofiber morphology were investigated. Polymer 
solution concentration and dielectric of solvents were found as dominant parameters 
to control the morphology. Based on the parameter study, electrospun P(BA-co-
MMA) fibers as small as 390±30 nm were successfully produced. The diameters of 
the fibers increase slightly as the concentration of the P(BA-co-MMA) solution is 
increased and Bead-free nanofibers and smaller fiber can be obtained for the polymer 
solutions having high dielectric constant. Moreover, processing conditions were 
examined and as the flow rate is increased, fiber diameter increases. This is apparent 
that there is a greater volume of solution fiber is drawn away from the needle tip. The 
diameter values range from 390 nm to 1180 nm for the P(BA-co-MMA) nanofibers. 
Spectroscopic, morphological and thermal characterization of nanofibers were 
performed by Fourier Transform Infrared-Attenuated Total Reflectance (FTIR-
ATR), Nuclear Magnetic Resonance Spectrometric Measurements (1H-NMR), 
Scanning Electron Microscopy (SEM), Differential Scanning Calorimetry (DSC) . 
Number average (Mn) and weight average (Mw) molecular weights were determined 
in ultra pure THF solvent using Gel Permeation Calorimetry (GPC). 
The second aim was to obtain perfluoroethyl alkyl methacrylate containing n-Butyl 
Acrylate/Methyl Methacrylate copolymer nanofibers. Thus, Statistical copolymers of 
poly(PFMA-ran-MMA-ran-BA) were synthesized in supercritical carbon dioxide at 
200 bar and 80 oC using AIBN as an initiator in a heterogeneous free radical 
copolymerization medium at Gebze Institue of Technology. The morphology of the 
resulting nanofibers was analyzed by scanning electron microscopy (SEM). The 
structural properties of electrospun poly(PFMA-ran-MMA-ran-BA) composite 
nanofibers, monomers and copolymers were analyzed spectroscopically i.e. Fourier 
Transform Infrared-Attenuated Total Reflectance spectroscopy (FTIR-ATR), 
Nuclear Magnetic Spectroscopy (NMR) and thermal characterization by Differantial 
Scanning Calorimetry (DSC). The glass transition temperature of the copolymer 
decreases as a function of BA content due to the increasing free volume of the 
copolymer. The effect of Fluorine content on the properties of nanofibers were 
investigated as the Fluorine content increase in the copolymer resulted a decrease in 
the diameter of nanofibers. The contact angle measurements indicated that the 
xx 
 
electrospun nanofiber copolymers were superhydrophobic with a water contact angle 
of 1720±1. For oils with surface tension higher than ∼45 mN/m, the nanofibers are 
superoleophobic with a glycerol and ethylene glycol contact angle of 1670±1 and 
1630±1 are obtained, respectively.  
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BUTĐL AKRĐLAT VE METĐL METAKRĐLAT KOPOLĐMERĐNDEN 
ELEKTROSPUN YÖNTEMĐYLE NANOLĐF ELDESĐ 
ÖZET 
Bu çalışma iki bölümden oluşmaktadır. Birinci bölümde, yapıştırıcı ve yüzey 
kaplama uygulamalarında kullanılmak üzere, elektrospun yöntemi ile Butil akrilat 
(BA)/Metil metakrilat (MMA) kopolimerinden nanolif eldesi amaçlanmıştır. Bunun 
için öncelikle BA ve MMA’ın emülsiyon polimerizasyonu, potasyum persülfat 
başlatıcısı kullanılarak sulu ortamda yapılmıştır. Lif çapı gibi, nanolif morfolojisini 
etkileyen elektrospun işlem parametreleri ve çözelti parametreleri incelenmiştir. 
Đşlem parametresi olarak; besleme hızı, çözelti parametresi olarak; Polimer çözelti 
konsantrasyonu ve çözücünün dielektrik sabiti incelenmiştir. Besleme hızları; 1ml/h, 
3ml/h, 5ml/h ve 7ml/h olarak değiştirilmiş, besleme hızı arttıkça nanolif çaplarında 
artış meydana gelmiş ve nanolif morfolojisi önemli ölçüde değişmiştir. En yüksek 
besleme hızına sahip nanolifler oluşurken, jet ucundan çıkan polimer çözeltisi 
toplayıcıya ulaşana kadar, çözelti içindeki çözücünün tamamı buharlaşamadığı için, 
oluşan lifler birbirine geçmiş, iç içe geçmiş gibi oluşmaktadır. Çözelti 
konsantrasyonu arttırıldığında, çözelti viskozitesi de artmış ve nanolif eldesi 
kolaylaşmıştır. Nanolif eldesinde çözelti viskozitesi oldukça önemli bir etkiye 
sahiptir ve nanolif elde edebilmek için optimum viskoziteye ihtiyaç vardır. Bu 
çalışmada çözelti konsantrasyonları; 1 wt%, 3wt%, 5wt%, 8wt% ve 10wt% olarak 
değiştirilmiştir. En düşük konsantrasyona sahip polimer çözeltisi için yapılan 
elektrospun işleminde, nanoliflerin oluşmadığı gözlenmiştir. Çözelti konsantrasyonu 
artmaya başladıkça nanolifler oluşmaya başlamış ve oluşan lif çaplarının arttığı 
gözlenmiştir. Elektrospun işleminin devamlılığı ve oluşan çapların nano boyutta 
olmasından dolayı, optimum çözelti konsantrasyonu olarak 5wt% belirlenmiştir. Son 
parametre olarak, çözelti parametresi incelenmiş ve DMF,THF,Aseton gibi üç farklı 
çözücü kullanılmış, DMF/THF, DMF/Aseton ve THF/Aseton gibi çözücü karışımları 
aynı oranlarda karıştırılıp polimer çözeltileri hazırlanmıştır. Ayrıca farklı oranlarda 
DMF/THF çözelti karışımları hazırlanmış ve onların dielektrik sabitleri hesaplanmış, 
dielektrik sabitleri ve lif morfolojisi arasındaki ilişki incelenmiştir. Hazırlanan farklı 
çözeltiler için dielektrik sabitleri hesaplanmış ve dielektrik sabiti arttıkça oluşan 
nanoliflerin çaplarının inceldiği ve dielektrik sabiti fazla olan çözeltiden elde edilen 
liflerin boncuksuz, homojen yapıda olduğu gözlenmiştir. Sentezlenen BA, MMA 
kopolimerinin yapısını incelemek için FTIR-ATR ve NMR analizi kullanılmıştır. 
Daha sonra elde edilen nanolifler, kopolimer yapısını incelemek için FTIR-ATR ve 
NMR analizlerinde, Termal olarak DSC analizinde, morfolojik olarak SEM 
analizlerinde ve molekül ağırlığını belirlemek için GPC analizinde kullanılmıştır. 
Sentezlenen kopolimerin FTIR-ATR ve NMR sonuçları, elde edilen nanoliflerden 
ölçülen FTIR-ATR ve NMR sonuçları ile kıyaslandığında, her 2 numuneden ölçülen 
sonuçlar birbirlerinin tam olarak aynısı çıkmış ve bu sonuçlar nanolif numunlerinde 
çözücünün tamamen buharlaştığını kanıtlamıştır.  FTIR-ATR grafiğinde, PMMA’a 
ait  2950 cm-1, 1728 cm-1, 1435 cm-1ve 1149 cm−1 de C-H esneme, C=O esneme, 
xxii 
 
CH3 esneme and O-CH3 esneme titreşimi pikleri gözlenmiş, 962 cm-1 de BA’a ait 
karakteristik pik gözlenmiştir. NMR spektrumu incelendiğinde, 3.99 ppm’de BA’a 
ait metilen piki, 3.64 ppm’de MMA’a ait metil piki gözlenmiş ve bu piklere ait 
integral değerleri kullanılarak, polimerizasyon sonucu elde edilen kopolimerin 
içerikleri hesaplanmıştır. MMA’ın reaktivite oranının BA’dan daha fazla olmasından 
dolayı, MMA polimerizasyona daha fazla katılmıştır. Bu nedenle elde edilen 
kopolimerde MMA içeriği daha fazladır. MMA’ın yapıda daha fazla bulunması, 
kopolimer yapısını olumlu yönde etkilemiş, elde edilen lifler renksiz, transparan ve 
yüksek ışık geçirgenliğine sahip olmuşlardır. Poli(BA-co-MMA) emülsiyon 
polimerizasyonu ile elde edildiği için çok yüksek molekül ağırlığına sahip olmuş ve 
electrospun için oldukça viskoz çözelti elde edilmesini sağlamıştır. Poli(BA-co-
MMA) lifleri ilk defa bu çalışmada elde edilmiştir. Elde edilen bu liflerin, hidrofobik 
özelliklerinden dolayı, gözlük camı kaplama malzemesi olarak kullanılması ve 
gözlük camının yüzeyinde suyun ve lekenin tutulmadan, akıp gitmesini sağlaması 
amaçlanmıştır. 
Tezin ikinci bölümünde, BA, MMA ve perfloroetil alkil metakrilatları içeren 
kopolimerlerden nanolif eldesi amaçlanmıştır. Bu yüzden Zonil-TM, BA ve MMA 
içeren yeni perfloroetil alkil metakrilat terpolimerinin [poli(PFMA-MMA-BA)]  
nanolifleri ilk kez electrospun yöntemiyle elde edilmiştir.  Çalışmaya başlarken ilk 
olarak Poli(PFMA-MMA-BA) kopolimeri süper kritik CO2 ortamında, 200 bar’da ve 
80 oC’de başlatıcı olarak AIBN kullanılarak serbest radikal polimerizasyonu ile 
Gebze Yüksek Teknoloji Enstitüsünde sentezlenmiş, bu kopolimerler hazır olarak  
Gebze Yüksek Teknoloji Enstitüsünden temin edilmiştir. Bu çalışma için üç farklı 
özellikte kopolimerler kullanılmış, onların nanolif oluşumuna etkileri ve hidrofob 
özellikleri araştırılmıştır. Kullanılan kopolimerler, içerdikleri Flor, BA ve MMA 
bakımından birbirlerinden farklı özelliklere sahiptir. Tüm kopolimerler için 
elektrospun yöntemi kullanılarak, nanolifler elde edilmiştir. Oluşan nanolifler 
morfolojik olarak SEM ile analiz edilmiş ve yapısal olarak FTIR-ATR, ve NMR 
analizlerinde kullanılmıştır. DSC’de yapılan termal analiz sonucuna göre camsı geçiş 
sıcaklıkları, kopolimerdeki artan serbest hacimden dolayı, BA içeriğinin fonksiyonu 
olarak azalmaktadır. Ayrıca literatür çalışmalarında olduğu gibi, Kopolimer 
yapısındaki Flor içeriği arttıkça, camsı geçiş sıcaklığının azaldığı gözlemlenmiştir. 
Poli(BA-co-MMA) liflerinin FTIR-ATR spektrumu ve [poli(PFMA-MMA-BA)] 
liflerinin FTIR-ATR spektrumları karşılaştırıldığı zaman, F içeren kopolimerlerin 
FTIR-ATR grafiğinde 2 farklı pik gözlenmiştir. C-F bağının Esneme titreşimine ait 
piki 1190 cm-1  ve dalgalanma titreşimine ait piki 690 cm-1 de gözlenirken, Flor 
içermeyen kopolimerin FTIR-ATR spektrumunda bu piklere rastlanmamıştır. NMR 
spektrumu incelendiğinde 4.25 ppm de Zonil-TM grubuna ait metilen piki, 3.6 ppm 
de Metilmetakrilat grubuna ait metil piki ve 4.00 ppm de Bütilakrilat grubuna ait 
metilen piki gözlenmiş ve kopolimerizasyonun başarılı bir şekilde gerçekleştiği 
sonucuna varılmıştır. Ayrıca NMR sonuçları göz önünde bulundurularak, metil ve 
metilen piklerine ait integral oranları kullanılmış ve kopolimerlerin ne kadar Flor, 
BA ve MMA içerdikleri hesaplanmıştır. Ayrıca kullanılan üç farklı kopolimerlerin 
FTIR-ATR’si de incelenmiş, tüm piklerin birbiri ile örtüştüğü, ancak artan çözelti 
konsantrasyonları ile absorbansın arttığı gözlenmiştir. Elde edilen liflerin morfolojisi 
incelendiğinde, artan Flor içeriğinin çözelti viskozitesini düşürdüğü ve lif çapını 
azalttığı gözlenmiştir. En yüksek Flor içeriğine sahip olan BT-1 polimerinin molekül 
ağırlığı en düşük bulunmuş ve nanolif elde etmek için BT-1’in konsantrasyonu en 
yüksek tutulmuştur, böylece çözelti elektrospun işlemi için yeterli viskoziteye sahip 
olmuş, ancak BT-1 çözeltisinden elde edilen nanoliflerde boncuklu yapılar 
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gözlenmiştir. BT-1 kopolimerine ait çözelti konsantrasyonu en yüksek derişime sahip 
olmasına rağmen, nanolif eldesi için yeteri kadar viskoz olmamıştır. Bu yüzden BT-1 
nanolifleri; boncuklu yapıyı ve nano boyutta lifleri yapısında bulunduran, hiyerarşik 
morfolojiye sahip olmuşlardır. Elde edilen Nanoliflerden Kontak açı ölçümleri 
yapılmış ve oluşan liflerin süperhidrofobik (1720±1) olduğunu, yağlar için yüzey 
geriliminin∼45 mN/m’den fazla ve nanoliflerin gliserol ve etilen glikole karşı 
süperolefobik (1670±1 ve1630±1) özellik gösterdiğni kanıtlamıştır. BT-1 lifleri hem 
hiyerarşik yapıda olduğu için, hem de en yüksek Flor içeriğine sahip olduğundan en 
yüksek kontak açıya sahip olmuştur. Diğer yandan BT-9 kopolimerinin kontak açısı 
BT-4’in kontak açısından daha fazla bulunmuştur, oysa Flor içeriği bakımından BT-
4, BT-9’dan daha fazladır. Ancak, bu çalışmada nanolif elde etmek için 
konsantrasyonlar farklı kullanılmış, bu nedenle BT-9’un kontak açısı BT-4’ten daha 
fazla çıkmıştır. Ayrıca artan nanolif çapları kontak açıyı olumsuz yönde etkilemiş, 
nanolif çapı arttıkça kontak açı değeri düşmüştür. Elektrospun yöntemi ile nanolifler 
elde edilirken, genellikle boncuksuz, homojen dağılıma sahip nanolifler oluşsun 
istenir, ancak hidrofob özelliğe sahip liflerin oluşması, kontak açı değerinin yüksek 
elde edilmesi isteniyorsa; elde edilecek olan lifler boncuklu yapıda olmalıdır. 
Böylece yüzey hiyerarşik morfolojiye sahip olur ve hidrofob özellik gösterir. Bu 
nedenle bu çalışmada hiyerarşik morfolojiye sahip olan BT-1 çözeltisinden elde 
edilen lifler süperhidrofob olmuştur.  
Elde edilen lifler süperhidrofob ve süperoleofob özelliklere sahip oldukları için, 
davlumbazların iç yüzey kaplamasında, otomobil ön camlarında ve gemilerin alt 
yüzeyindeki kaplamalar için kullanılabilme imkanı sağlamaktadır. Davlumbazların iç 
yüzeyine kaplanıldıkları takdirde, yağı ve suyu tutamayacaklar, otomobil ön 
camlarında kullanıldıkları için sileceklere gerek kalmayacak ve otomobil yapımında 
maliyeti azaltacaklardır ve son olarak gemilerin alt yüzeyini kaplamada kullanıldığı 
takdirde, suyu tutmayacağı için sürtünme etkisini ortadan kaldırıp yakıt tasarrufu 
sağlayacaklardır. 
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1.  INTRODUCTION 
The fabrication of polymer nanofibers by electrospinning has received much 
attention in recent years. This method uses electrically charged jet of polymers or 
liquid states of polymers in order to make fibers from micro dimensions to nano 
dimensions. Polymer nanofibers exhibit several properties that make them favorable 
for many applications. Nanofibers have extremely high specific surface area due to 
their small diameters, and nanofiber mats can be highly porous with excellent pore 
interconnection. These unique characteristics plus the functionalities from the 
polymers themselves impart nanofibers with many desirable properties for advanced 
applications such as tissue engineering scaffolds, filtration devices, sensors, materials 
development, and electronic applications [1]. Thus, nanofiber production is prefered 
from several polymers such as polyacrylates and Fluorine containing polymers. The 
polyacrylates are highly heat and oil resistant polymers. Acrylate and methacrylate 
esters are used to make polymers for textiles, latex paints, surgical cements and 
dental resins.Butyl acrylate/Methyl methacrylates (BA/MMA), emulsion copolymers 
are versatile materials extensively used as adhesives (BA homopolymers and BA rich 
copolymers) and coatings  (BA/MMA 50/50 wt/wt copolymers). In spite of their 
commercial importance, only a few literature reports dealing with the microstructural 
properties of BA/MMA emulsıon copolymers have been published [2]. Fluorine 
containing polymers constitute a unique class of materials with a combination of 
interesting properties that have attracted significant attention of material chemists 
over the last few decades [3-5]. In general, these polymers have high thermal 
stability, improved chemical resistance and lower surface energy when compared to 
their non-fluorinated counterparts. The small size of the fluorine atom with its 2s and 
2d electrons close to the nucleus is the most electronegative element. A strong C–F 
bond leads to high thermal and chemical stabilities of fluorinated polymers. The low 
polarizability of the C–F bond along with its hydrophobic character (low moisture 
uptake) together results in low dielectric constant of these materials. Moreover, low 
surface energy of fluorine helps in oil-repellence resulting in increased resistance to 
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wear and abrasion [6]. Fluorinated polymers are also highly solvophobic and which 
also are used for nonstick coating applications. Hydropbicity of a material is a key 
property that depends on both surface chemistry and surface roughness. Hydrophobic 
polymers ( with water contact angle above 90oC) are useful in many applications 
such as inert biomaterials, environmentally resistant coatings, and low friction 
devices, whereas suprehyrophobic materials (with water contact angles above 150oC) 
are of special interest as self-cleaning surfaces and stain-resistant textiles [7].  
The first part of this study, the electrospinning method was applied to produce 
Nanofibers of n-Butyl Acrylate/Methyl Methacrylate which can be used for 
adhesives and coatings. Emulsion polymerization of n-Butyl Acrylate (BA) and 
Methyl Methacrylate  (MMA) initiated by Potassium Peroxydisulfate (KPS) in the 
aqeuos medium was performed. Processing parameters effects on the morphology 
such as fiber diameter and its uniformity of electrospun polymer nanofibers was 
investigated. In this study, electrospun nanofibers of P(BA-co-MMA) are first 
obtained. 
The second part of this study, the electrospinning method was applied to produce 
Nanofibers of perfluoroethyl alkyl methacrylate containing n-Butyl Acrylate/Methyl 
Methacrylate copolymers and then contact angles were measurement with use the 
electrospun mats.  Beaded nanofiber is the highest contact angle 172±1oC due to it 
has the hierarchical structure. Moreover, relationship between contact angle and fiber 
diameter were examined and increasing contact angle caused by decrasing nanofiber 
diameter is determined. In this study, electrospun nanofibers of poly(PFMA-ran-
MMA-ran-BA) are first obtained. 
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2.  THEORETICAL PART 
2.1 Polyacrylates 
The polyacrylates are highly heat and oil resistant polymers. Acrylate and 
methacrylate esters are used to make polymers for textiles, latex paints, surgical 
cements and dental resins. The esters of acrylic and methacrylic acid are 
unsymmetrically substituted ethylenes of the general formula; 
 
Figure 2.1 : General Formula of Acrylates 
with R:H for acrylates and R:CH3 for methacrylates. The substituents R’ may be of a 
great variety: from n-alkyl chains to more complicated functional groups [8].  
Esters of acrylic acid CH2:CHCOOH and methacrylic acid CH2:C(CH3)COOH. Both 
are crystalline solids at low ambient temperatures, becoming liquid at slightly higher 
temperatures. These acids polymerise and copolymerise extremely readily, being 
frequently employed in copolymers to obtain alkalisoluble polymers. Whilst both 
acids are water soluble, methacrylic acid, as might be expected because of its angular 
methyl group, is more soluble in ester monomers, and to some extent in styrene, and 
as such is more useful in copolymerisation, especially if water based [9]. 
The first report of a polymeric acrylic ester was published in 1877 by Fittig and Paul 
[10] and in 1880 by Fittig and Engelhorn [11] and by Kahlbaum [12], who observed 
the polymerization reaction of both methyl acrylates and methacrylates. But it 
remained to O. Röhm [13] in 1901 to recognize the technical potential of the acrylic 
polymers. He continued his work and obtained a U.S. patent on the sulfur 
vulcanization of acrylates in 1914 [14]. In 1924, Barker and Skinner [15] published 
details of the polymerization of methyl and ethyl methacrylates. In 1927 [16], based 
on the extensive work of Röhm, the first industrial production of polymeric acrylic 
4 
esters was started by the Röhm & Haas Company in Darmstadt, Germany (since 
1971, Röhm GmbH, Darmstadt). After 1934, the Röhm & Haas Co. in Darmstadt 
was able to produce an organic glass (Plexiglas) by a cast polymerization process of 
methyl methacrylate [17]. Soon after, Imperial Chemical Industries (ICI, England), 
Röhm & Hass Co. (United States), and Du Pont de Nemours followed in the 
production of such acrylic glasses [18]. 
One of the first uses of acrylic polymers was as an interlining for automobile 
windshields, but poly(methyl methacrylate) sheet (Plexiglas, Lucite) soon became 
the principal use of acrylic plastics. Poly(methyl methacrylate) (PMMA), [-CH2-
CH(CH3)COOCH3-], has a light transmittancy of about 92% and has good resistance 
to weathering. It is widely used in thermoformed signs, aircraft windshields, bathtubs 
[19], electron beam or ion beam resists in the manufacture of microelectronics chip 
[20,21]. Poly(methyl methacrylate) is used as an automobile lacquer and 
polyacrylonitrile, (-CH2-CHCN-)n, is used as a fiber. Poly(ethyl acrylate),(-CH2–
CHCOOC2H5-)n, is more flexible and has a lower softening temperature than 
PMMA. Poly(hydroxyethyl methacrylate), is used for contact lenses, and poly(butyl 
methacrylate) is used as an additive in lubricating oils[19]. 
Whilst esters of acrylic acid give soft and flexible polymers, except for those with 
long alkyl chains, methyl methacrylate polymerises to an extremely hard polymers. 
The polymers in this series become softer with increasing alkyl chain lengths up to 
C12. The highest alkyl chain acrylics in both series tend to give side chain 
crystallisation. 
The methacrylic ester series closely parallels the acrylics, but boiling points tend to 
be somewhat higher, especially with the short chain esters. Methyl methacrylate is by 
far the most freely available and least costly of the monomers of the series. As an 
alternative to the simple alkyl esters, several alkoxyethyl acrylates are available 
commercially, e.g. ethoxyethyl methacrylate CH3:C(CH3)COOC2H4OC2H5 and the 
corresponding acrylate. The ether oxygen which interrupts the chain tends to 
promote rather more flexibility than a simple carbon atom. 
Some technical perfluorinated alkyl acrylates are as following they include N-
ethylperfluorooctanesulfonamido)ethyl acrylate CnF2n+1SO2N(C2H5)–CH2O–C(O)–
CH=CH2 (n approximately 7.5, fluorine content 51.7 %), the corresponding 
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methacrylate and the corresponding butyl derivatives. The ethyl derivatives are waxy 
solids, the ethyl acrylate and the corresponding methacrylate derivative having a 
melting range of 27–42 °C. The butyl acrylic derivative is a liquid, freezing at -10 
°C. Butyl acrylate/Methyl methacrylates (BA/MMA), emulsıon copolymers are 
versatile materials extensively used as adhesives (BA homopolymers and BA rich 
copolymers) and coatings  (BA/MMA 50/50 wt/wt copolymers). In spite of their 
commercial importance, only a few literature reports dealing with the microstructural 
properties of BA/MMA emulsıon copolymers have been published [2]. 
Polyacrylate elastomers can be prepared by the water emulsion system, suspension 
system, solvent solution method, or even the mass (bulk homogenous) 
polymerization process. Most are made by the water emulsion (latex) or the 
suspension method. Peroxides or persulfate initiated free radical systems are most 
commonly used in the presence of heat. Polymerization is usually taken to 
completion. Coagulation is best with salts, followed by water washing and drying 
with hot air, vacuum, or extrusion [22]. 
2.2 Polymerization of Acrylates and Emulsion Polymerization 
Emulsion polymerization involves the reaction of free radicals with relatively 
hydrophobic monomer molecules within submicron polymer particles dispersed in a 
continuous aqueous phase. This unique polymerization process that is heterogeneous 
in nature exhibits very different reaction mechanisms and kinetics compared to bulk 
or solution free radical polymerization. Surfactant is generally required to stabilize 
the colloidal system; otherwise, latex particles nucleated during the early stage of 
polymerization may experience significant coagulation in order to reduce the 
interfacial free energy. This feature may also come into play in determining the 
number of reaction loci (i.e., polymer particles) available for the consumption of 
monomer therein. 
2.2.1 Free radical polymerization 
Free radical polymerization of vinyl monomers containing carbon – carbon double 
bonds has been widely used in industry to manufacture a variety of polymeric 
materials such as low - density polyethylene, polystyrene, polyvinyl chloride, 
polyvinyl acetate, acrylic polymers, and synthetic rubbers, which can be 
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accomplished in bulk, solution, suspension, or emulsion processes. The generally 
accepted free radical polymerization mechanism involves three kinetic steps in 
sequence, namely, initiation, propagation, and termination [23-25].  
Initiation 
   (2.1) 
    (2.2) 
Propagation 
    (2.3) 
     (2.4) 
    (2.5) 
Termination 
        (2.6) 
                 (2.7) 
 
where I, R * , M, Pn* ( n = 1, 2, 3, . . . ), and Pn represent the initiator, initiator 
radical, monomer, free radicals with n monomeric units, and dead polymer chains 
with n monomeric units, respectively. The kinetic parameters kd,ki,kp,ktc and ktd are 
the thermal decomposition rate constant for the initiator, the initiation rate constant 
for the primary radical, the propagation rate constant for the reaction between one 
free radical with n monomeric units and one monomer molecule, the combination 
termination rate constant, and the disproportionation termination rate constant for the 
reaction between two free radicals, respectively. The above three reaction 
mechanism reflects its characteristic chain addition polymerization; the rate of 
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consumption of monomer is relatively slow, but the molecular weight of polymer 
builds up rapidly. 
Chain transfer reactions are also a part of the free radical reaction system. These 
reactions, as the name implies, transfer the radical activity from a growing chain to 
another species such as monomer, polymer, initiator, solvent, or a deliberately added 
chain transfer agent. For example, chain transfer of a propagating radical to 
monomer or polymer can be represented as follows: 
   (2.8) 
  (2.9) 
where k tr, m and k tr, p are the rate constants for the chain transfer reaction of a 
propagating radical with monomer and polymer, respectively. Both P1* and Pm* may 
reinitiate the free radical chain polymerization to form linear and branched polymer 
chains, respectively, or participate in the termination reactions [25]. 
2.2.2 Emulsion polymerization 
There is a way to suspend even smaller monomer particles in water such that the 
monomer droplets are stable and do not aggregrate to form a separate layer. 
Essentially, a surfactant is used to form an emulsion. Surfactant molecules consist of 
a polar head (hydrophilic) group attacched to a non-polar (hydrophobic) tail, such 
that it looks something like a tadpole, as depicted in Figure 2.2. 
 
Figure 2.2 : Schematic representation of a surfactant molecule with a hydrophilic 
head and a hydrophobic tail. 
In water, soap molecules arrange them selves so as to keep the polar groups in 
contact with water molecules, but the non-polar tails as far from the water as possible 
(at concentrations above a certain level, called the critical micelle concentration). 
One way of doing this is to form a micelle, which usually has a spherical or rod-like 
shape, as illustrated in Figure 2.3. 
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Figure 2.3 : Two dimensional schematic representation of a spherical micelle. 
In this micelle, which is about 10-3 to 10-4 µm in diameter, the polar groups are on the 
outside surface while the non-polar tails are hidden away inside. The non-polar 
groups are compatible with non-polar monomer, however,if monomer is added to the 
water and dispersed by stirring, the very small amounts of monomer that dissolve in 
the water  can diffuse to the micelles and enter the interior, non-polar hydrocarbon 
part (then more monomer enters the aqueous phase to replace that which has 
departed). In the same way, surfactant molecules can diffuse to the dispersed 
monomer droplets (whose size depends upon the stirring rate, but usually in the 
range of 1-10mm), where they are absorbed onto their surface, thus stabilizing them. 
Unlike suspension polymerization, where a water insoluble initiator is used, in 
emulsion polymerization a water soluble initiator is used. The polymerization, for the 
most part, occurs in the swollen micelles, which can be thought of as a meeting place 
for ,the water soluble iniator and the (largely) water insoluble monomer (Figure 2.4).   
 
 
 
 
 
            
 
 
Figure 2.4: Schematic representation of Emulsion polymerization. 
A small amount of polymerization sometimes occurs in the monomer droplets and 
almost certainly in solution, but the latter does not contribute significantly, due to the 
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low monomer concentration in the water phase. As the polymerization proceeds, the 
micelles grow by addition of new monomer diffusing in form the aqeous phase.  
At the same time, the size of the monomer droplets shrinks, as monomer diffuses out 
into the aqeous phase. The micelles where polymerization is occuring grow to about 
0.5 mm in diameter and at this stage are called polymer particles. After a while ( ̰15% 
conversion of monomer to polymer) all the micelles become polymer particles and a 
while later (40-60% monomer conversion) the monomer droplets phase finally 
disseappears which is all quite remarkable. Termination occurs when a radical 
(usually from the initiator) diffuses in from the aqueous phase. This is major 
advantage of the emulsion technique for the polymerization of monomers such as 
butadiene, which can not be polymerized easily by free radical means using 
homogeneous (single-phase) polymerization, because it has a fairly high rate of 
termination. The termination step in an emulsion polymerization is controlled by the 
rate of arrival of radicals at the polymer particles, which depends only an the 
concentration of surfactant. There are some obvious additional advantages to 
emulsion polymerization; as in suspension polymerization, the viscosity is always 
low and heat control is relatively straightforward. Also, the final product is an 
emulsion of 100 nm diameter polymer particles that is typically 50% by volume 
polymer and 50% water. This makes it almost immediately applicable as a surface 
coating (paint). The major disadvantage is the presence of the surfactant, which is 
diffucult to completely remove even if the polymer product is precipitated and 
washed [26]. 
2.3 Fluorinated Polymers 
Fluorine containing polymers constitute a unique class of materials with a 
combination of interesting properties that have attracted significant attention of 
material chemists over the last few decades [3-5]. In general, these polymers have 
high thermal stability, improved chemical resistance and lower surface energy when 
compared to their non-fluorinated counterparts. The small size of the fluorine atom 
with its 2s and 2d electrons close to the nucleus is the most electronegative element. 
A strong C–F bond leads to high thermal and chemical stabilities of fluorinated 
polymers. The low polarizability of the C–F bond along with its hydrophobic 
character (low moisture uptake) together results in low dielectric constant of these 
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materials. Moreover, low surface energy of fluorine helps in oil-repellence resulting 
in increased resistance to wear and abrasion [6].  
Generally, Fluoropolymers are categorized as main-chain and side chain 
fluoropolymers, and most of the side-chain fluoropolymers are synthesized from the 
polymerization reaction of the methacrylate monomers [27]. The introduction of 
fluorinated groups through the acrylic monomers which have perfluoroalkyl side 
groups, decreases the surface tension of the obtained copolymer films [28,29]. Fluoro 
methacrylate (FMA) copolymers have been used increasingly in a wide range of 
applications including surface coatings for textile, paper and leather industries, 
biomaterials, microelectronics and antifouling [30,31]. Some of statistical FMA 
copolymers with methyl methacrylate (MMA) were synthesized by using bulk 
copolymerization [32], solution copolymerization in scCO2 [33] and in polar solvent 
mixtures such as α,α,α-trifluorotoluene/1,1,2-trichlorotrifluoroethane [34]. 
Fluorinated surfaces derive their characteristics from the unique molecular properties 
associated with the C–F bond that impacts a specific chemistry and physics at 
interfaces. Their low surface tensions, low electrostatic loading and low friction 
coefficient can play an essential role in microelectronics, antifogging and antifouling 
applications and are promising in medical field. Physicochemical and structural 
studies of acrylate/methacrylate polymers with perfluoroalkyl side chains have been 
reported in literature and have shown a direct relationship between the organization 
of the fluorinated side chains and the surface properties of the coatings prepared with 
the various polymers [35]. 
Fluorinated polymers are highly solvophobic. For improving the solubility of 
fluorinated polymers in solvents, hybrid compounds with non-fluorinated moieties 
are synthesized. Then, amphiphilic copolymers are soluble and self-associated in 
solvents. Incorporation of fluorinated moieties in polymers is carried out using 
different methods: (1) participation of fluorinated unit in main chain; (2) 
modification of polymer terminals by fluorinated derivatives; and (3) fluorination of 
polymer side chains [36].                                                                               
Fluorinated polymers are used for nonstick coating applications due to the fluorine 
atom is the most electronegative of the elements and strongly attracts electrons to it 
in any bond that it forms. The electrons around fluorine are held tightly thus forming 
very stable bonds with low chemical reactivity. Therefore, an inherent property of 
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fluoropolymers is that they do not bond readily with other materials, a property that 
is popularly called nonstick [36]. 
The tightly held electrons in fluorocarbons result in very high electrical resistances 
and the lowest electrical permitivity. Hence fluoropolymers are used extensively as 
wire insulation. The presence of fluorine atoms also makes fluoropolymers 
inherently nonflammable. This property enhances the value of fluoropolymers in 
electrical insulation, bearing assemblies, and many electrical and mechanical devices 
in sensitive aerospace applications.  
The presence of fluorine atoms presents a problem if the fluoropolymers 
decomposes. The resulting products can be toxic. Fortunately, the service 
temperatures of fluoropolymer are quite high, ranging to 260oC for continuous use 
and they show hydrophobic properties. 
2.4 Contact Angle 
The contact angle is an important parameter in surface science. It is a common 
measure of the hydrophobicity of a solid surface. In the literature [37-39], it is well 
established that meaningful contact angle measurements can be used in the 
calculation of solid surface tensions. In the past several decades, numerous 
techniques [40-44] have been used to measure contact angle which were inspired by 
the idea of using the equation first derived by Thomas Young in 1805 [43]. Young’s 
equation governs the equilibrium of the three interfacial tensions and the Young 
contact angle (C.A) θ of a liquid drop on a solid (see Fig. 2.5):  
 
Figure 2.5 : Vectorial Equilibrium for a Drop of a Liquid Resting on a Solid Surface 
[45]. 
           cos θ = (γS - γLS)/ γL                (2.10)                                                  
where γL and γS are the liquid and the solid surface energies, and γLS is the liquidsolid 
interfacial energy. The Young equation in the form of equation (1.1), a 
12 
thermodynamic proof based on the minimization of the free energy was given by 
Johnson [36]. It is now well understood that the contact angle obtained from Young 
equation corresponds to the thermodynamic equilibrium state, as long as the solid 
surface is perfectly homogenous and flat. In addition to homogeneity and flatness, 
the liquid should not penetrate into the solid and no reactions should occur between 
the two as well. These conditions are violated to some extent in all real systems, and 
care must be taken in determining surface/interfacial energies from measured contact 
angle values. Nevertheless contact angle measurement is the most direct method of 
putting wettability in a quantitative scale. It is yet the wettability, not the surface 
energies; one is usually concerned with in practical studies [36]. 
Figure 2.6 shows three cases for θ = 60º, 90º and 120º. When θ = 0º the liquid is said 
to wet the solid. Partial wetting corresponds to 0º < θ < 90º. For θ > 90º the solid is 
not wetted by the liquid. θ = 90º is the transition between partial wetting and 
nonwetting cases. A solid that is not wetted by water is called hydrophobic (water 
contact angle > 90º). As θ increases, the area of the liquid-solid interface shrinks and 
the interaction between the drop and the solid surface weakens. This can cause the 
drop roll off or slide down the surface when a small force is applied. As a subclass of 
hydrophobic surfaces, surfaces on which water drops can easily move and have 
contact angles > 150º are commonly called superhydrophobic [41]. 
 
Figure 2.6 : Shape of a liquid drop on a solid surface for θ = 60º, θ = 90º, and θ = 
120º. Drawn to scale with the drop volume same in all cases. 
The measurement of a single static contact angle to characterize the solid-liquid 
interaction is not adequate because, in practice, there is no single equilibrium contact 
angle, θ
e
, on a solid surface. There may be a range of static contact angles, depending 
on the location of the drop and on the application type of the measurement. Static 
contact angle is the contact angle when all participating phases gas, liquid, solid have 
reached their natural equilibrium positions and the three phases line is not moving 
anymore [47].  
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Experimentally, only two types of C.A measurement technique are standardized:  
1- When a liquid drop is formed by injecting the liquid from a needle connected to a 
syringe onto a substrate surface, it is allowed to advance on the fresh solid surface 
and the measured angle is said to represent the advancing contact angle, θ
a
,  
2- The receding contact angle, θ
r
, can be measured when a previously formed sessile 
drop on the substrate surface is contracted by applying a suction of the drop liquid 
through the needle. Precise measurement of θ
r 
is very difficult because of the drop 
evaporation effect. These contact angles fall within a range where the advancing 
contact angles approach a maximum value and receding angles approach minimum 
value ( θ
a
> θ
r
) [47]. 
Contact angle hysteresis is the difference between the advancing and receding 
contact angles:  
H ≡ θ
a
- θ
r           (2.11) 
Hysteresis of the contact angle results from the system under investigation not 
meeting ideal conditions. In order to apply Young’s equation, the solid should be 
ideal: it must be chemically homogeneous, rigid, flat at an atomic scale and not 
perturbed by chemical interaction or by vapor or liquid adsorption. If such an ideal 
solid surface is present, there would be a single, unique contact angle. On the 
contrary, it is common to find contact angle hysteresis on practical non-ideal 
surfaces, in the region of 10
o 
or larger; and 50
o 
or more of hysteresis has sometimes 
been observed. In general, there appear to be five causes of contact angle hysteresis. 
Surface roughness and microscopic chemical heterogeneity of the solid surface are 
the most important ones, and the others such as drop size effect, molecular 
reorientation and deformation at the solid surface are less important [47]. When 
wetting with water the hydrophobic regions will repel the water and the hydrophilic 
regions will attract the water. Thus when advancing in a hydrophobic region the 
contact angle increases (the solid tries to limit the area touched by water) and 
similarly when receding in a hydrophilic region the contact angle decreases (the solid 
tries to hold on to the water). From this analysis it can be seen that with water  
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advancing angles characterize hydrophobic regions and receding angles characterize 
hydrophilic regions [48]. 
2.5 Nanofiber 
Generally, fibers can be defined as objects or materials that have an elongated 
structure as shown in Figure 2.7. There are other definitions according to the field 
they are used such as textile industry, biochemistry, physiology, botany, and anatomy 
[49]. With regard to fibers, “nano” refers to the diameter of the fiber. According to 
the National Science Foundation (NSF), nano materials are matters that have at least 
one dimension equal to or less than 100 nanometers [50]. However some scientists 
accept the nanofibers as less than 1 micron, while others describe them as less than 
100 nanometers [51]. In the industry, up to 500nm, it is acceptable to classify fibers 
with the prefix ‘nano’ whereas some scientists use the term ‘sub-micron’ in the 
academic world Nanofibers have several superior characteristics. They present a high 
surface area to volume ratio, better mechanical properties, e.g. good directional 
strength, and flexibility so they can be utilized for a wide variety of materials and 
applications including for their mechanical, biomedical, optical, electronical, and 
chemical properties [1]. 
 
 
Figure 2.7 : SEM photograph of fibers from this study. 
The comparison between different techniques was given in Table 2.1. Among all, 
electrospinning is the best candidate for further development with a wide range of 
opportunities to be utilized in all types of polymers (both synthetic and natural), and 
ceramics. Also, in this thesis study, electrospinning was used for fabrication of non-
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woven fibers. Therefore, electrospinning process was given in the next section in 
detail.  
Table 2.1: Advantages and disadvantages of various processing techniques [53]. 
 
Process 
 
 
Advantages 
 
 
Disadvantages 
 
Drawing 
 
Requires simple 
equipment 
 
No continuous fibers, no 
control on fiber 
dimension 
 
Template Synthesis 
 
 
Fibers of different 
diameters can be easily 
achieved by using 
different templates. 
 
 
Process cannot be 
scaled-up 
 
 
Phase Separation 
 
Process can directly 
fabricate a nanofiber 
matrix. Batch-to-batch 
consistency is achieved 
easily. Mechanical 
properties of the matrix 
can be tailored by 
adjusting polymer 
concentration. 
 
 
 
 
For only specific 
polymers 
 
Self-Assembly 
 
Good for obtaining 
smaller (7- 8 nm) 
nanofibers. 
 
Not controllable on fiber 
diameter and complexity 
of 
the process 
 
Electrospinning 
 
Cost effective. Long, 
continuous nanofibers 
can be produced. 
 
 
Jet instabilit, Controllable 
on fiber diameter 
2.6 Electrospinning 
Fiber production using electrostatic forces, or electrostatic spinning is described as a 
novel approach for fiber collection which has become important in the last decades. 
This method uses electrically charged jet of polymers or liquid states of polymers in 
order to make fibers from micro dimensions to nano dimensions. In contrast to fibers 
created from conventional melt spinning, dry spinning or wet spinning, they possess 
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several unique properties. Electrospun fibers are smaller in diameter and longer in 
length so that they have very high surface area to volume ratios and fibers are placed 
closer to each other on the mat when compared to fibers produced from dry or wet 
spinning Technologies [49]. 
In late 1800’s Lord Rayleigh investited the hydrodynamic stability of a liquid jet, 
with and without an applied electric field. In 1882, he studied the condition of 
instability occuring in electrically charged liquid droplets. He showed that when the 
electrostatic force overcomes the surface tension force, which acts in the opposite 
direction of the electrostatic force, liquid is thrown out in fine jets [58]. 
Although the term “Electrospinning”, derived from “electrostatic spinning”, was 
used relatively recently (in around 1994), its fundamental idea dates backmore than 
60 years earlier. From 1934 to 1944, Formhals published a series of patents [59-63], 
describing an experimental setup for the production of polymer filaments using an 
electrostatic force. A polymer solution, such as cellulose acetate, was introduced into 
the electric field. The polymer filaments were formed, from the solution, between 
two electrodes bearing electrical charges of opposite polarity. One of the electrodes 
was placed into the solution and the other onto a collector. Once ejected out of a 
metal spinnerette with a small hole, the charged solution jets evaporated to become 
fibers which were collected on the collector. The potential difference depended on 
the properties of the spinning solution, such as polymer molecular weight and 
viscosity. When the distance between the spinnerette and the collecting device was 
short, spun fibers tended to stick to the collecting device as well as to each other, due 
to incomplete solvent evaporation [64]. 
Since 1980s and especially in recent years, the electrospinning process essentially 
similar to that described has regained more attention probably due in part to a 
surging interest in nanotechnology. As ultrafine fibers or fibrous structures of various 
polymers with diameters down to submicrons or nanometers can be easily fabricated 
with this process [64].            
To the mid-1990s, after Reneker and his group [69-71] began to study about 
electrospinning process, many researchers intensified on this subject as well. It is 
obvious that after 1990s, this method was investigated intensively. Still, there is 
much to understand about the electrospinning process itself. 
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2.6.1 Electrospinning process 
The Experimental setup of electrospinning shown in Figure 2.8. Electrospinning 
apparatus, consists of a nozzle, a high voltage power supply, a container for polymer 
fluid and an electrode collector. An AC/DC high voltage equipment which creates 
high electrical potential, a capillary tube, and a collecting screen. High voltage 
supplier has two electrodes. One is positive and the other one is negative. In the 
electrospinning, positive end is attached to polymer solution or polymer melt and 
negative end is connected to the collecting ground. By adjusting the voltage a 
required electric field for spinning can be created between the positive and negative 
sides. Polymer fluid (solution or melt) is filled to a capillary tube where positive 
electrode wire is inserted into. Capillary tube can be a pipette, micropipette, a glass 
capillary, a syringe with needle or nozzle. If a metal needle is used for 
electrospinning, the positive end is wrapped around the metallic needle. Capillary 
tube position can be vertical with or without using a metering or syringe pump [72]. 
Polymer fluid holder can be placed horizontally or with various angles [73]. Negative 
end of the voltage power supplier is connected to a collector opposite to the polymer 
fluid container. Most fiber collection screens are metallic and covered with an 
aluminum foil. The shape of the metal collectors is usually flat but in some cases, for 
specific fiber production (e.g. aligned fibers) dynamic collectors are utilized instead 
of stationary ones. Rotating drums, discs, or rotating cylindrical collectors are 
examples of dynamic screens. Conductive parallel plates are also potential candidates 
for aligned nanofiber production [74]. 
 
Figure 2.8 : Experimental setup of electrospinning. 
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Electrospinning process has four different phases. In the first phase, electrically 
charged liquid polymer jet emerges from the tip of the needle. A whipping process 
occurs in the second phase. Splaying or multi jet formation is accepted as the third 
phase and grounding of the thin dried fibers to the collector is the last phase [71]. 
When an electrostatic force is applied by a high voltage source, an electric field is 
formed at the tip of the syringe where polymer liquid is held by its surface tension. 
The accumulation of the charges in the tip causes repulsion which opposes the 
surface tension forces and the higher the voltage the stronger the mutual repulsion of 
the charges at the tip. With the increase of the electric field the pendant polymer drop 
at the tip of the needle changes its hemispherical shape and takes a conical shape 
which is called as Taylor cone [76]. Taylor stated that a conductive liquid can stay in 
equilibrium with a cone angle of 49.3° under an electric field. Some recent 
researches have shown that Taylor cone angle is valid for only to a specific self-
similar solution. Cone angle of 33.5° have been reached both experimentally and 
theoretically with the initiation of a critical electric field [77]. Surface tension can no 
longer resist mutual repulsive electrostatic forces and charged jet of polymer solution 
or melt protrudes from the tip of needle at a point of Taylor cone. Polymer jet goes 
through a short stable region and then immediately gains a chaotic motion or instable 
region starts. In this region solvent evaporation occurs, leaving a thin dried fiber 
behind. Fibers are generally collected at the negative polar end as non woven 
mats[49]. 
2.6.2 Parameters effecting of electrospinning 
In the electrospinning process, the following three parameter classes have relative 
effects on the resulting fiber properties: 
1. Polymer solution parameters 
2. Polymer processing parameters 
3. Ambient parameters 
Solution conductivity, surface tension, dielectric effect, solutionviscosity which is 
closely related to molecular weight of the polymer, solution concentration and 
polymer chain entanglement, and volatility of the solvent are the properties of the 
spinning solution. Applied voltage (or electrical potential), flowrate of the polymer 
solution (or feedrate), diameter of the tip, distance between the tip and the collector, 
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and geometry of collector are the processing parameters. Ambient parameters are 
thought as temperature of spinning environment, humidity, air velocity in the media, 
pressure, and atmosphere around the area [64,65,74,77]. 
2.6.2.1 Polymer solution parameters 
The property of the solution plays a significant part in the electrospinning process 
and the resultant fiber morphology. During the electrospinning process, the polymer 
solution will be drawn from the tip of the needle. The electrical property of the 
solution, surface tension and viscosity will determine the amount of stretching of the 
solution. The rate of evaporation will also have an influence on the viscosity of the 
solution as it is being stretched. The solubility of the polymer in the solvent not only 
determines the viscosity of the solution but also the types of polymer that can be 
mixed together. 
Solution conductivity 
For electrospinning process to be initiated, the solution must gain sufficient charges 
such that the repulsive forces within the solution are able to overcome the surface 
tension of the solution. Subsequent stretching or drawing of the electrospinning jet is 
also dependent on the ability of the solution to carry charges. 
Generally, the electric conductivity of solvents is very low (typically between 10-3 to 
10-9 ohm-1 m-1) as they contain very few free ions, if any, which are responsible for 
the electric conductivity of solution. The presence of acids, bases, salts and dissolved 
carbon dioxide may increase the conductivity of the solvent. The electrical 
conductivity of the solvent can be increased significantly through mixing chemically 
non-interacting components. Substances that can be added to the solvent to increase 
its conductivity includes mineral salts, mineral acids, carboxylic acids, some 
complexes of acids with amines, stannous chloride and some tetraalkylammonium 
salts. For organic acid solvents, the addition of a small amount of water will also 
greatly increase its conductivity due to ionization of the solvent molecules [53].  This 
increase in the conductivity can help production of beadless fibers just because  
stretching of the solution has increased and to some degree fiber diameter decrease 
can be observed [49]. 
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Surface tension 
Surface tension (σ) is defined as force applied to the plane of the surface per unit 
length. In liquids, a small droplet falling through air takes a spherical shape. Surface 
property of the liquid which is known as surface tension causes this phenomenon.  In 
electrospinning process, polymer solution has to have sufficient charge in order to 
overcome surface tension in the liquid solution. During electrospinning, beaded fiber 
formation can be observed within the polymer jet because of the effect of the high 
surface tension values. There are various ways to lower the surface tension of the 
polymer solution. One way is to use solvents having low surface tension. Beaded 
nanofibers were produced from water/poly(ethylene oxide) solution [78]. Addition of 
ethanol to the water/poly(ethylene oxide) solution reduced the surface tension of the 
solution and production of smooth poly(ethylene oxide) nanofibers was obtained. 
The same effect was found also as in the study of Fong and his research team [79]. 
They found out that high surface tension causes beaded fibers. 
Poly(vinylpyrrolidone)(PVP)/N,N-dimethylformamide (DMF) and 
PVP/dichloromethane (MC) resulted in beaded fibers since they have high surface 
tension. On the other hand, smooth fibers without bead formation were seen in 
PVP/ethanol solutions, having a lower surface tension. Another way is to add 
surfactant to the spinning solution. Surfactant contribution to the spinning solution is 
expected to decrease surface tension. Zeng and his coworkers used insoluble 
surfactant and observed a decrease in the surface tension [80]. Using soluble 
surfactants improved fiber formation and decreased the fiber diameter. Insoluble 
surfactant was even more effective. None or only a slight decrease on the surface 
tension was observed when a non-ionic surfactant was used. However, cationic 
surfactants helped in obtaining beadless fibers [81]. In addition to solvent and 
surfactants, temperature is another factros for surface tension. For a pure liquid 
system, the surface tension of the liquid would decrease with increasing temperature. 
When the temperature is raised, the equilibrium between the surface tension and the 
vapor pressure would decrease. At a critical point, the interface between the liquid 
and the gas disappears [82]. From the molecular point of view, at a higher 
temperature, the liquid molecules gain more energy and start to move more rapidly in 
the space. As a result, the fast moving molecules do not bound together as strongly as 
the molecules in a cooler liquid. With the reduction in the bonding between the 
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molecules, the surface tension drops. The effect of temperature on surface tension for 
pure liquid may be different from mixtures. For a mixture of methane and nonane, 
the surface tension actually increases with increasing temperature except at the 
lowest pressure. At a lower temperature, methane is more soluble than nonane and 
the effect of liquid mixture composition is more pronounce than temperature in the 
determination of the surface tension [83]. 
 Dielectric effect 
The dielectric constant of a solvent has a significant influence on electrospinning. 
Generally, a solution with a greater dielectric property reduces the beads formation 
and the diameter of the resultant electrospun fiber [84]. Solvents such as N,N-
Dimethylformamide (DMF) may added to a solution to increase its dielectric 
property to improve the fiber morphology [85]. The bending instability of the 
electrospinning jet also increases with higher dielectric constant. This is shown by 
increased deposition area of the fibers. This may also facilitate the reduction of the 
fiber diameter due to the increased jet path [86]. The dielectric constant of some 
common solvents used in electrospinning is shown in Table 2.2. 
The relationship between the diameter of resultant fiber and dielectric constant of the 
polymer solution were studied and at the this study, it has been found out that 
resultant fibers from solutions which have higher dielectric constant have thinner 
diameter. 
Solution viscosity 
There are several factors affecting solution viscosity. Molecular weight, polymer 
chain entanglement, concentration, and temperature are accepted as the main factors. 
Molecular weight of a polymer is directly related to viscosity of the solution. 
Generally, when a polymer of higher molecular weight is dissolved in a solvent, its 
viscosity will be higher than solution of the same polymer but of a lower molecular 
weight. One of the conditions necessary for electrospinning to occur where fibers are 
formed is that the solution must consists of polymer of sufficient molecular weight 
and the solution must be of sufficient viscosity. As the jet leaves the needle tip 
during electrospinning, the polymer solution is stretched as it travels towards the 
collection plate. During the stretching of the polymer solution, it is the entanglement 
of the molecule chains that prevents the electrically driven jet from breaking up thus 
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maintaining a continuous solution jet. As a result, monomeric polymer solution does 
not form fibers when electrospun [87]. 
Table 2.2 : Dielectric constants of solvents [53]. 
Solvent Dielectric constant 
Water 80.02 
Acetonitrile 35.92-37.06 
Dimethylformamide 36.71 
Methanol 32.6 
Trifluoroethanol 27.0 
Ethanol 24.55 
Acetone 20.7 
2-propanol 18.3 
Pyridine 12.3 
m-Cresol 11.8 
Dichloromethane 8.93 
Tetrahydrofuran 7.47 
Acetic acid 6.15 
Ethyl acetate 6.0 
Chloroform 4.8 
Toluene 2.4 
The molecular weight of the polymer represents the length of the polymer chain, 
which in turn have an effect on the viscosity of the solution since the polymer length 
will determine the amount of entanglement of the polymer chains in the solvent. 
Another way to increase the viscosity of the solution is to increase the polymer 
concentration [53]. Increasing solution concentration shows almost same effect as 
using higher molecular weight polymer. Polymer chain entanglement of the polymer 
solution is improved in either case. At higher concentrations, viscosity of the solution 
becomes higher and it prevents the jet having larger bending instabilities. This causes 
small deposition on the collecting media for fibers and the resultant fiber diameter is 
thickened. At low viscosities, there will be less amount of chain entanglement in 
polymer solution. The forces from surface tension become dominant and bead 
formation occurs along the string of electrospun fibers. At high viscosities, jets can 
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be stretched fully and beadless fibers can be obtained. This situation can be observed 
from Figure 2.9. High viscosity values also provoke splitting of jets into smaller 
fibers. Moreover, pumping of the polymer solution becomes difficult and drying of 
the solution on the tip of the pipette can be observed [49]. 
 
Figure 2.9: SEM images of the samples at different PMMA concentrations [88]. 
Many experiments have shown that a minimum viscosity for each polymer solution 
is required to yield fibers without beads [78,93]. At a low viscosity, it is common to 
find beads along the fibers deposited on the collection plate. When the viscosity 
increases, there is a gradual change in the shape of the beads from spherical to 
spindle-like until a smooth fiber is obtained [78]. At a lower viscosity, the higher 
amount of solvent molecules and fewer chain entanglements will mean that surface 
tension has a dominant influence along the electrospinning jet causing beads to form 
along the fiber. When the viscosity is increased which means that there is a higher 
amount of polymer chains entanglement in the solution, the charges on the 
electrospinning jet will be able to fully stretch the solution with the solvent 
molecules distributed among the polymer chains. With increased viscosity, the 
diameter of the fiber also increases [89-93]. This is probably due to the greater 
resistance of the solution to be stretched by the charges on the jet [90].  
Volatility of the solvent 
Solvent volatility is an important factor in electrospinning. Since electrospinning 
requires a quick evaporation rate and phase separation, vapor pressure of solvent 
affects the drying time and evaporation rate. Other parameters affecting evaporation 
rate are: 
• Boiling point, Specific heat, Enthalpy and heat of vaporization, Rate of heat 
supply, Interaction between solvent molecules, Surface tension of liquid, Air 
movement above the liquid surface [53]. 
2 
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Solvent volatility is also an important factor in determining the properties of fibrous 
structures produced by electrospinning. In the electrospinning process, solvent 
evaporation occurs while the jet travels from the tip of the pipette to the collector. If 
all of the solvent evaporates on the way, fibers can be formed and deposited on the 
collector. However, if some solvent still remained on the polymer, instead of dry 
fibers, wet fibers or thin films can be produced [94]. It is claimed that solvent 
volatility plays an important role on the formation of pores in the fibers [93 ve 95]. A 
decrease in the solvent volatility resulted in smoother fiber surface. However, low 
boiling point solvents are desirable because evaporation of the solvent is enhanced 
and deposition of the fibers becomes easier. Matthews and his coworkers chose a 
volatile solvent having a low boiling point in their study [96]. Solvent volatility can 
also affect the shape of the fibers produced. Rapid evaporation rate of the solvent can 
cause the fibers to form as ribbons with various cross sections [97]. 
2.6.2.2 Polymer processing parameters 
Another important parameter that affects the electrospinning process is the various 
external factors exerting on the electrospinning jet. This includes the voltage 
supplied, the feedrate, temperature of the solution, type of collector, diameter of 
needle and distance between the needle tip and collector. These parameters have a 
certain influence in the fiber morphology although they are less significant than the 
solution parameters [53]. 
Applied voltage 
Applied voltage determines the amount of charges carried by the jet of the polymer. 
The high voltage will induce the necessary charges on the solution and together with 
the external electric field, will initiate the electrospinning process when the 
electrostatic force in the solution overcomes the surface tension of the solution. 
Generally, both high negative or positive voltage of more than 6kV is able to cause 
the solution drop at the tip of the needle to distort into the shape of a Taylor Cone 
during jet initiation [98]. Depending on the feedrate of the solution, a higher voltage 
may be required so that the Taylor Cone is stable. The columbic repulsive force in 
the jet will then stretch the viscoelastic solution. If the applied voltage is higher, the 
greater amount of charges will cause the jet to accelerate faster and more volume of 
solution will be drawn from the tip of the needle. This may result in a smaller and 
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less stable Taylor Cone [99]. When the drawing of the solution to the collection plate 
is faster than the supply from the source, the Taylor Cone may recede into the needle 
[92]. 
Applied voltage has also effects on the morphology and the resultant fibers. Increase 
in the applied voltage results with a decrease in the fiber diameter. Generally, high 
voltage results with higher bead formation, but increased jet stretching leads to fewer 
amounts of beads [90]. At lower voltage, due to the weaker electrostatic force, flight 
time may last longer. Longer flight time lets the jet to elongate and stretch stronger 
and longer resulting with reduced fiber diameter. Wang and his research team 
measured both jet diameter and fiber diameter and investigated the effect of voltage 
difference [100]. They found out that both jet diameter and fiber diameter decreased 
slightly. Also, better chain orientation within electrospun fibers was seen by an 
increase in the applied voltage. A proportionality relation between applied voltage 
and fiber diameter was reached in a study [101]. In that study, fiber diameter became 
thicker as the voltage increased from 5 kV to 25 kV. 
Flow rate 
The flowrate will determine the amount of solution available for electrospinning. For 
a given voltage, there is a corresponding flowrate if a stable Taylor cone is to be 
maintained. When the flowrate is increased, there is a corresponding increase in the 
fiber diameter or beads size . This is apparent as there is a greater volume of solution 
that is drawn away from the needle tip [99,102]. However, there is a limit to the 
increase in the diameter of the fiber due to higher flowrate [102]. If the flowrate is at 
the same rate which the solution is carried away by the electrospinning jet, there 
must be a corresponding increased in charges when the flowrate is increased. Thus 
there is a corresponding increase in the stretching of the solution which counters the 
increased diameter due to increased volume. Due to the greater volume of solution 
drawn from the needle tip, the jet will takes a longer time to dry. As a result, the 
solvents in the deposited fibers may not have enough time to evaporate given the 
same flight time. The residual solvents may cause the fibers to fuse together where 
they make contact forming webs. A lower flowrate is more desirable as the solvent 
will have more time for evaporation [103]. 
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Distance 
The distance between the tip of the needle and the collector has a significant effect 
on the strength of the electric field and the flying time of the jet throughout 
electrospinning path. If the distance between two polar ends is short, solvents may 
not find the required time to be vaporized entirely before the jet arrives at the 
collector. The resultant fibers may include some solvents left on them. These residual 
solvents may cause fibers to stick together, and can result in merging of the fibers. 
Shorter distance between the tip and the collector may lead to an increase in the 
strength of electric field. This increase accelerates the velocity of the polymer jets. It 
also reduces the flight time of the polymer jet that is electrospun. Reducing the 
distance does not affect size and shape of the fibers, but, inhomogeneously 
distributed beads can be observed [93]. These beads can be due to increase in the 
electric field strength. If the distance between the tip and the collector is longer, 
solution jet finds more time for the evaporation of the solvent and jet can be stretched 
sufficiently before it lands to the collecting media. Increasing the working distance 
enhances both the number of beads and the density of the fibers [90]. Jet diameter 
dependence on the working distance is studied [100]. They concluded that increasing 
working distance caused a decrease on the jet diameter. 
Effect of collector 
In the electrospinning process, usually conductive material is used to cover collecting 
media. Aluminium foil is one of the most common conductive materials that are used 
for collection of fibers onto it. By the help of the conductive material covering, stable 
potential difference can be obtained between the tip and the collector. Conductive 
collectors attract more jets on the surface of collector resulting in a higher amount of 
fiber deposition. For nonconductive collectors, less fiber deposition is seen because 
charges on the polymer jet flows on the collector due to fast accumulation of the 
charges. Gathered fibers on the collection area have a lower packing density 
compared to using a conductive material. Fiber structures and honey comb structures 
can be obtained by using a non-conducting collective media. Using a porous 
collector has also an effect on the resulting fibers. The packing density is usually low 
in porous collectors. This is mainly due to the rate of evaporation of the residual 
solvents on the fibers deposited. Fiber morphology can be improved by using a 
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dynamic collector. Rotating cylinders are utilized for the production of aligned 
fibers. One advantage of using rotating collector is that solvents have more time for 
evaporation [49].  
Diameter of needle 
In electrospinning process, inner diameter of the needle or pipette also has some 
effects. Decreasing the inner diameter can cause an observable decrease in: 
Clogging, The number of beads and Final fiber diameter. 
The decrease in the inner diameter creates an increase in the surface tension of the 
drops on the tip of the needle or pipette. This means that greater amount of 
electrostatic force is needed to start the formation of a jet. If no voltage changes 
occur in the process, jet acceleration decreases and gives more time for stretching 
and elongating of the jet before it reaches to the collector. Too small inner diameter 
needle is not desired due to not being able to form droplets at the tip [53]. Zeng and 
his coworkers studied three different capillary diameters [80]. They found that 
increasing the internal diameter of the capillary increased both the driving voltage 
necessary for electrospinning and the diameter of fibers deposited on the collecting 
mesh.  
2.6.3 Applications of nanofibers 
In the constructions made by nanofibers, the high volume to weight ratio, soft 
handling, and high strength and to form barrier to microorganisms and small 
particlesetc. are the main reasons for using them in many applications. These 
advantages of nanofibers make them very appealing for a broad array of potential 
applications in many industry segments. Nanofiber applications are shown in Figure 
2.10. 
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Figure 2.10 : Application areas of Nanofibers. 
2.6.3.1. Filtration applications 
Filters have been widely used in both households and industry for removing 
substances from air or liquid. Filters for environment protection are used to remove 
pollutants from air or water. In military, they are used in uniform garments and 
isolating bags to decontaminate aerosol dusts, bacteria and even virus, while 
maintaining permeability to moisture vapour for comfort. Respirator is another 
example that requires an efficient filtration function. Similar function is also needed 
for some fabrics used in the medical area [78].  
For a fiber-based filter, removal of particles is determined by different mechanisms. 
Large particles are blocked on the filter surface due to the sieve effect. Particles that 
are smaller than the surface-pores will penetrate into the filter, which could still be 
collected by the fibers, via either interception or impaction, or static electrical 
attraction. Also, very fine particles could be captured due to the Brownian motion 
effect. The filtration efficiency is normally influenced by the fitler physical structure 
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(fiber fineness, matrix structure, thickness, pore size, etc), fiber surface electronic 
properties, and its surface chemical characteristic (e.g. surface free energy). The 
particle collecting capability is also related to the size range of particles being 
collected. Besides the filtration efficiency, other properties such as pressure drop and 
flux resistance are also important factors to be evaluated for a filter media [78].  
Electrospun nanofibers for filtration application have started about 20 years ago A 
company in US (Donaldson) has produced electrospun nanofiber-based filter 
products for industry, consumer and defense applications (Figure 2.11), and its Ultra-
web® nanofiber filter has been developed for nonwoven and filtration industry for a 
wide range of applications. Recently another company (AMSOIL) has also 
developed a nanofiber- based fuel filter for automobile applications. DuPont has 
electrospun fabric products for HVAC, automotive and liquid filtration, bedding 
protection and apparel applications. 
 
Figure 2.11 : Filter system that formed by electrospun nanofibers on the polyester 
spunbond nonwoven [104]. 
Electrospun nanofiber membrane provides dramatic increases in filtration efficiency 
at relatively small decreases in permeability. In comparison with conventional filter 
fibers at the same pressure drop, nanofibers with a diameter finer than half a micron 
have a much higher capability to collect the fine particles, because the slip flow 
around the nanofibers increases the diffusion, interception and inertial impaction 
efficiencies [104]. 
Both experimental measurements and theoretical calculations revealed that 
electrospun nanofiber mats were extremely efficient at trapping airborne particles 
(0.5―200 µm) [105]. A very thin layer of electrospun nanofibers sprayed onto a 
porous substrate was sufficient to eliminate the particle penetration. The air flow 
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resistance and aerosol filtration properties correlate with the add-on weight of the 
electrospun fiber coating. Also, electrospun layers present minimal impedance to 
moisture vapour diffusion, which is very important for protection clothing in 
decontamination applications. A comparison study between a nylon-6 electrospun 
membrane (thickness 100 µm, pore size 0.24 µm) and a commercial high efficiency 
particulate air (HEPA) filter (thickness 500 µm, pore size 1.7 µm) using 300 nm test 
particles indicated that the thin nanofiber membrane had a slightly higher filtration 
efficiency (99.993%) than the HEPA filter (99.97%) [106].  
Besides solid particles, tiny liquid droplets within a liquid-liquid immiscible system 
could also be removed by a nanofiber membrane (liquid-liquid coalescence 
filtration). Polystyrene (PS) nanofibers (diameter about 600 nm) were electrospun 
from a recycled expandedpolystyrene (EPS), and mixed with micro glass fibers to 
form a filter media for removal of water droplets from a water-in-oil emulsion [107]. 
The addition of small amount of PS nanofibers was reported to significantly improve 
the capture efficiency (from 68% to 88%), but the pressure drop of the filters was 
increased considerably. In another work, electrospun nylon nanofibers were also 
blended with glass fibers (diameter 5 µm) for the coalescence filtration, and addition 
of an optimal amount of nanofibers (1.6 wt%) to the coalescence filter improved the 
capture efficiency, but did not cause excessive pressure drop [108]. 
Nanofibers were used as a supporting scaffold in ultrafiltration (UF) for oil/water 
emulsion separation. The reported UF membrane has a three-tier composite structure 
consisting of a nonporous hydrophilic top layer, a crosslinked poly(vinyl alcohol) 
(PVA) electrospun nanofibrous mid-layer and a conventional nonwoven 
microfibrous substrate [109,103]. The electrospun nanofibrous substrate provided a 
well interconnected porous network with a large specific surface area, so the UF 
filter has a high flux rate and excellent organic solute rejection capability.  
Other works related to the filtration applications include effects of operating 
parameters in electrospinning on fiber morphology and pore structure for filter media 
[110], nanofiber membrane for separation of micro particles from liquid [111], and 
pre-filter nanofiber membrane for particulate removal [112]. 
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2.6.3.2 Nanocomposites 
The use of reinforcing fillers and fibers in polymers to improve their mechanical 
properties is commonly encountered in polymer technology. Conventional fibers 
such as carbon fibers, glass fibers, gel-spun polyethylene fibers, and aramids are 
routinely used in composites of a range of different polymers (113). The 
improvement in modulus and strength achieved by using even low levels of a 
reinforcing fiber in a composite is impressive. Some of this improvement is due to 
the properties at the fiber/matrix interface and therefore dependent on the surface 
area of the interface. Nanofibers, with their very high specific surface area, should 
therefore deliver particularly good composite characteristics. For instance 
(poly(2,20(m-phenylene)-5,50-dibenzimidazole)) (PBI) electrospun nanofiber filler 
in epoxy EPON 828 (Shell Chemical Company) and rubber matrices has been 
studied by Kim and Reneker (1999a). Even at the 10 phr level, the nanofibers 
increased the modulus of styrene-butadiene rubber (SBR) tenfold! Nanofibers of 
nylon-4,6 used in an epoxy matrix that yielded a transparent composite have also 
been reported (114). 
2.6.3.3 Biomedical applications 
From biological viewpoint, almost all of the human tissues and organs are deposited 
in nano fibrous forms or structures. Examples include: bone, dentin, collagen, 
cartilage, and skin. All of them are characterized by well organized hierarchical 
fibrous structures realigning in nanometer scale. As such, current research in 
electrospun polymer nanofibers has focused one of their major applications on 
bioengineering. We can easily find their promising potential in various biomedical 
areas [115]. Biomedical applications of nanofibers are medical prostheses, smart 
clothes, drug delivery carriers, wound dressings, cosmetic skin masks, and tissue 
scaffolds. 
One of the sub-sections of the biomedical application of nanofibers is to cure for 
wound and burnings in human skin. It can be designed for especially haemostatic 
tools. Electrospun biodegradable polymers can be spun onto the wound skin. They 
form a thin web onto the skin. This web protects skin from microbe. Moreover, it 
helps to heal the wound quickly. Finally, it minimizes the possibility of scar. 
Electrospun nanofiber equipment used in wound healing is shown in Figure 2.12.  
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Figure 2.12 : Application of electrospun nanofibers used in wound covering and 
healing [116]. 
Similarly, nano fibrous mats are being explored as biomedical grafts and wound 
dressings. It has been found that cells can adhere to and proliferate into the mats with 
a great deal of success. Also, because of the extremely small size of the nano-fibers, 
the potential exists for layering of different polymers with specific functionalities 
[117].  
2.6.3.4 Agricultural, electrical, optical and other applications 
Plants are covered with a web that produced by electrospun nanofibers. One of the 
functions of this web is protection against harmful insects and chemicals. It can be 
used as a greenhouse covering. Furthermore, fertilizers, which were injected to the 
web before, can be given by the help of nanofiber web. The study about nanofiber 
web for plant done in our department is shown in Figure 2.13. 
 
Figure 2.13 : A plant covered with nanofiber web [118]. 
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In military applications, protecting clothes are expected especially to hold the 
possibility of survival, enable long term protection, stand heavy weather conditions, 
endure nuclear, chemical, and biological effects and increase efficiency. Protecting 
clothes now being used have made of heavy fabrics. The light and high porous 
fabrics which absorb the air and air vapor can easily react with chemical gases that 
cause fabric to decompose. Because of the higher surface area and low pore size of 
the nanofibers, fabrics, produced by them, are suitable for protecting clothes. 
Additionally, neutralization can be provided with these fabrics. Also, it allows the 
clothes to breath. Nanofibers which have high numbers of pores with small pore 
sizes provide high resistance to penetration of the chemicals into the fabrics. In 
military applications, it is benefited from nano sensors for work of finding trace, 
from nano electronics for various controls, from nano composites for platforms that 
need to lightness [51]. 
Production of nanofibers which have the ability to transmit electricity creates many 
advantages. These nanofibers are used in the production of the small electronic 
devices and in the fabrication of some machines. Because surface area of the 
electrodes is proportional to the chemical reaction speed, electrospun nanofiber 
membranes are used appropriately in the production of improved high performance 
batteries. 
Nanofibers also used for sensors because of their high specific area allows them to 
sorb and/or react rapidly with low levels of analytes in the air [119-122]. It is 
reasonable to therefore expect better performance from nanofiber sensors.  
The other potential applications of nanofibers are wires, capacitors, transistors and 
diodes for information technology and enzyme carriers. The application of 
nanofibers in textiles is not aimed only at specialized industries involved in technical 
textiles [117]. 
2.6.4 Literature review of PMMA and fluorinated nanofibers 
Generally, acrylic polymers were used for automobile windshields, but poly(methyl 
methacrylate) sheet (Plexiglas, Lucite) soon became the principal use of acrylic 
plastics. Poly(methyl methacrylate) (PMMA) has a wide variety of applications and 
uses from thermoformed signs, aircraft windshields, bathtubs [19], electron beam or 
ion beam resists in the manufacture of microelectronics chip [20,21] due to the it has 
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a light transmittancy of about 92% , good resistance to weathering and good 
mechanical properties. There are many researches carried out related to 
electrospinning of PMMA for different purposes.  
 Uyar et al. reported PMMA electrospun fibers with different concentration in DMF 
solution. They have been demonstrated that polymer concentration increases, the 
diameter of the nanofibers increase and beads form dissapeared [123]. 
Piperno et al. reported nanofibers of PMMA and they have been demonstrated that 
increasing the PMMA concentration the fiber number and their homogeneity grow, 
while the beads, that are characteristic of the lowest concentration solution, 
disappear. Moreover, increasing the polymer concentration, increasing the diameter 
of the nanofibers s are determined [88]. 
Wang et al the nanofibers of PMMA, PMAA and poly(MMA-co-MAA) copolymers 
by electrospining technic. 6% (wt) electrospinning solutions prepared in DMF, and 
bead-free nanofibers have been obtained for PMMA, but bead-fiber of PMAA and 
copolymer have been obtained [124].   
Up until now, There are many researches carried out related to electrospinning of 
PMMA and copolymers of PMMA, but not researches carried out related to 
electrospinning of P(BA-co-MMA). Therefore, this study will be first example 
related to electrospinning of P(BA-co-MMA). 
Hydrophobicity of a material is a key property that depends on both surface 
chemistry and surface roughness [125-127]. Hydrophobic polymers (with water 
contact angle above 90°) are useful in many applications such as inert biomaterials, 
environmentally resistant coatings, and lowfriction devices, whereas 
superhydrophobic materials (with water contact angles above 150°) are of special 
interest as self-cleaning surfaces and stain-resistant textiles [128,129].  
Deitsel et al. reported P(MMA-r-TAN) electrospun fibers with contact angles of 76o 
for pure PMMA and that of 103o for the unannealed 90:10 P(MMA-r-TAN) film and 
107o for the annealed the same sample film [92]. 
Actay et al. reported superhydrophobic surfaces by electrospinning low molecular 
weight poly- (acrylonitrile-co-R,R-dimethyl-m-isopropenylbenzyl isocyanate) with a 
perfluorinated linear diol [130]. A contact angle of 167° was observed for a polymer 
film with predominantly bead morphology. 
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Polymethylsilsesquioxane (PMSQ) surfaces prepared by electrospinning method. 
The contact angle was found to be 151o as repoted by Xiang et al. [131]. Polystyrene 
(PS) and polyvinyl chloride (PVC) micro-nano fibers were also obtained by 
electrospinning method. The diameter of fibers were between 200-500nm and that of 
PS were between 400nm-1.25µm for PVC and PS, respectively. A high contact angle 
were reported(i.e 144o for PVC, 156o for PS) [132]. Water contact angle of spin 
coated and electrospun PAN nanofbers were found to be 72o and 151o, respectively 
[133].  
Yano et al. reported the nanofiber and flat surfaces using PMMA-co-PBIEM and 
PMMA-co-PBIEM-g-PFA-C8 copolymers by electrospining and spin coated 
technics. The water contact angle increased from 76o to 127o with nanofiber 
synthesized when PMMA-co-PBIEM copolymer was used. However, the water 
contact angles were reported as 129o for spin coated and 150o for electrospining by 
grafting 2-(perfluorooctyl)ethyl acrylate part [134]. Similarly, Hardman et al. 
reported the superhydrobhobic fluoroalkyl end functionalized PS fibers with 158o of 
water contact angle when the fluoroalkyl end functionalized group content of the 
polymer as 4 % (wt). The water contact angle of PS fiber was reported 140o without 
any floropolymer content [135]. Electrospun poly(caprolactone) (PCL) was coated 
by perfluoroalkyl ethyl methacrylate (PPFEMA) with coated chemical vapor 
deposition. The contact angles were reported as 139o and 172o before and after 
coating by Ma.et al. [136]. Han et al. reported the first Teflon (PTFE) electrospun 
fibers by coaxial electrospinning with Teflon AF sheat and poly(ε-
caprolactone)(PCL) core materials. They reported the water contact angle 69o and 
120o for spin coated PCL and Teflon AF film, respectively. Increase in the roughness 
by electrospining resulted in increase in the water contact angle as 125o for PCL fiber 
membrane and 158o for PCL/Teflon fiber membrane [137].  
The significance of this approach is that it yields polymer mats with either 
hydrophobic or superhydrophobic surfaces. Moreover, this work is one of the few 
examples in which nanofibers of a highly fluorinated polymer have been produced 
because most hydrophobic fluoropolymers are too insoluble to allow electrospinning 
to be used. 
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3. EXPERIMENTAL PART 
3.1 Materials 
Methyl Methacrylate (MMA), Butyl Acrylate (BA) and poly(methyl methacrylate) 
(PMMA), Dimethylformamide (DMF), Tetrahydrofuran (THF), Sodium Dodecyl 
Sulfate (SDS) and Potassium Peroxydisulfate (KPS) were purchased from Sigma 
Aldrich. Acetone [(CH3)2CO] and Ethyl alcohol [(C2H5OH)] were obtained from 
Merck. They were used without further purification and all chemicals were analytical 
grade. Fluorinated copolymers (BT-1, BT-4 and BT-9) were supplied from GYTE.  
3.2 Synthesis of P(BA-co-MMA) 
0.5 g emulsifier sodium dodecyl sulfate (SDS) was dissolved in 80 ml water and then 
50 g of a mixture of  monomers of MMA and BA (25:25 wt MMA:BA) were 
dropped into the reactor,  the mixture was stirrred for 30 minutes. Monomers were 
shown in Figure 3.1.  At the same time, 0.25 g KPS is dissolved in 20ml pure water. 
After the 30 minutes, dissolving KPS is added to the mixture [138]. Copolymer 
Structure were shown in Figure 3.2. 
              
Butyl Acrylate (BA)        Methyl Methacrylate (MMA) 
Figure 3.1 : Monomers used in synthesis of P(BA-co-MMA). 
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Figure 3.2 : P(BA-co-MMA) structure. 
Reaction continued for 3 h at 80 C. Experimental setup of the polymerization was 
demonstrated in Figure 3.3.  After the 3 hours, reaction was stopped with addition of 
300ml ethanol. Then the mixture was washed with ethanol and water and copolymer 
was dried at 50°C for 24h in vacuum drying-oven.  
 
Figure 3.3: Experimental setup for synthesis of P(BA-co-MMA). 
3.3 Florinated Copolymers 
Statistical copolymers of poly(PFMA-ran-MMA-ran-BA) were synthesized in 
supercritical carbon dioxide at 200 bar and 80 oC using AIBN as an initiator in a 
heterogeneous free radical copolymerization medium at Gebze Institue of 
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Technology [27] which represented as BT-1, BT-4 and BT-9. These Florinated 
polymers (BT-1, BT-4 and BT-9) used for Electrospinning which copolymer 
structure and compositions shown in Figure 3.4 and Table 3.1, respectively.  
 
 
Figure 3.4: Fluorinated polymer structure. 
Table 3.1 : Zonyl-TM, BA and MMA composition in feed and copolymer 
Copolymer Feed Monomer Mole 
Fraction (mol %) 
Copolymer Mole 
Fraction (mol %)a 
 
 XFMA XBA XMMA XFMA XBA XMMA Yieldb (%) 
P(BA-co-MMA) - 50 50 - 17.85 82.1 60 
BT1 5 25 70 9.2 30.7 60.1 80 
BT4 5 20 75 8.6 25.8 65.6 88 
BT9 5 5 90 6.6 10.6 82.8 85 
a:Determined from1H-NMR                                                                                                                                                                                                                           
b:Calculated gravimetrically 
3.4 Preparation of Electrospinning Solutions 
3.4.1 Electrospinning of P(BA-co-MMA) 
Five series of polymer solutions with different concentration of P(BA-co-MMA) 
dissolved in DMF which are 1%(w/v), 3%(w/v), 5%(w/v), 8%(w/v) and 10%(w/v) 
P(BA-co-MMA) polymer solutions. At the same time, the electrospinning solutions 
for 5% (w/v) P(BA-co-MMA)  were prepared in various solvent systems (Table 3.2 
and Figure 3.5). For each solutions were stirred at room temperature with the speed 
of 400 rpm for 3 h. Then the solutions were filtered therefore impurities were 
removed from the solutions. The electrospinning apparatus consists of a syringe 
pump (NE-500 model, New Era Pump Systems, Inc., USA) and  DC power supplier 
(ES50 model, Gamma High Voltage Inc., USA).  The solutions were then loaded into 
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a 2.5 ml syringe. Obtained fibers were characterized by FTIR-ATR, DSC and SEM 
measurements. 
Table 3.2 : P(BA-co-MMA)  polymer solutions used for various solvents 
Polymer Polymer 
Concentration 
(wt%) 
Solvents Mixture ratio 
of solvents 
(wt%) 
P(BA-co-MMA) 5 DMF - 
P(BA-co-MMA) 5 THF - 
P(BA-co-MMA) 5 Acetone - 
P(BA-co-MMA) 5 DMF/Acetone 50/50 
P(BA-co-MMA) 5 THF/Acetone 50/50 
P(BA-co-MMA) 5 DMF/THF 25/75 
P(BA-co-MMA) 5 DMF/THF 50/50 
P(BA-co-MMA) 5 DMF/THF 75/50 
 
 
 
 
 
 
 
 
Figure 3.5 : Prepared electrospinning solutions 
3.4.2 Electrospinning of flourinated copolymers 
15 wt% PMMA, 8 wt% P(BA-co-MMA), 0.03M BT-1, 0.015M BT-9, and 0.0075M 
BT-4 polymer solutions were prepared in DMF. For this purpose each solution were 
stirred at room temperature with the speed of 400 rpm for 5 h. Then the solutions 
were filtered therefore impurities were removed from the solutions. The solutions 
were then loaded into a 2,5 ml syringe. The distance between the tip of syringe 
needle and Al plate collector was varied from 10 cm to 15 cm and the flow rate of 
the solution was varied from 0.5 to 2 ml/h, while electrical potential between the 
needle tip and the Al plate voltage was also varied from 15 to 20 kV. The outline of 
the experimental procedure for the preparation of Electrospinning solutions are 
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illustrated in Figure 3.6. Obtained fibers were characterized by FTIR-ATR spectra, 
DSC, SEM and Contact Angle measurements. 
 
 
 
 
 
Figure 3.6 : Schematical representation of preparation of Electrospinning solutions. 
3.5 Process setup and electrospinning 
In electrospinning process, the setup consisted of a DC high voltage power supply 
from GAMMA High Voltage Research Inc., USA (Model no: ES50) with an 
electrical potential range from 0 to 30 kV, and a syringe pump (New Era Pump 
Systems Inc., USA Model no: NE-500). The metal collector was covered with an 
aluminum foil. The setup was kept in a plexiglass box for experimenter’s safety. All 
experiments were carried out under atmospheric pressure and at room temperature. 
The positive electrode wire was hooked at the metal part of the needle and negative 
part of the electrode was attached to the metal collector 5 to 60 minutes of operation 
time was sufficient for the deposition of fibers on aluminum foil. A horizontal setup 
was chosen for electrospinning process. A picture that was captured during 
electrospinning is illustrated in Figure 3.7. 
 
Figure 3.7 : A representative picture taken during electrospinning. 
High Voltage 
power supply 
syringe pump collector 
Stirred for 3 
hours 
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3.6 Characterization of P(BA-co-MMA), PMMA and Florinated Copolymers 
The structure of the copolymers was characterized by means of 1H NMR 
spectroscopy and Fourier Transform Infrared-Attenuated Total Reflectance (FTIR-
ATR) spectroscopy.  
 FTIR analysis of P(BA-co-MMA) nanofibers were carried out with FTIR-
ATR reflectance spectrophotometer (Perkin Elmer, Spectrum One, with a 
Universal ATR attachment with a diamond and ZnSe crystal).  
 
1H NMR spectroscopy by using a 250 MHz Brucker AC Aspect 3000 NMR 
spectrometer with CDCl3 as a solvent. Values were recorded as ppm relative 
to internal standard (TMS).   
 Number average (Mn) and weight average (Mw) molecular weights were 
determined in ultra pure THF solvent using GPC (Agilent 1200 series, BIC 
RID detector) equipment. The calibration was done by using the different 
molecular weight of PS standards (Mw=2000 to 800,000) and the passage 
time of the solvent was 0.3 mL/min.  
 The DSC measurements were carried out on TA Q1000 DSC instrument 
calibrated with poly(methyl methacrylate). DSC measurement of polymers 
were operated with 4 cycles. First cycle was heating from -30°C to 150°C, 
second cycle was cooling from 150°C to -30°C, third cycle was heating from 
-30°C to 250°C and fourth cycle was heating from -250°C to -30°C. Third 
cycles were considered for DSC analysis. Each sample was scanned at a 
heating rate of 10 °C min−1.  
 Resulting fibers were also characterized as morphological by Scanning 
Electron Microscope (two diffrent SEM devices are used, firstly Philips 
XL30 and lastly, LEO SUPRA 35 VP) and the samples for the SEM 
measurements are prepared by coating of gold (Ion Sputter Metal Coating 
Device, MCM-100).   
 Static contact angles of fiber surfaces under air were measured by using a 
KSV-CAM 200 contact angle meter with a PC controlled motorized syringe 
within ±1° precision (Figure 3.8). 
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Figure 3.8 : Contact Angle Meter, KSV CAM 200. 
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4. RESULTS AND DISCUSSION  
4.1. Copolymer Characterization  
4.1.1 FTIR-ATR spectrophotometric analysis of P(BA-co-MMA) 
The FTIR-ATR spectra of PMMA and P(BA-co-MMA) are shown in Figure 4.1 and 
it was recorded in the absorbance mode.  
Figure 4.1 shows the peaks at 2950 cm-1, 1728 cm-1, 1435 cm-1and 1149 cm−1 are 
assigned to CH stretching, C=O stretching, CH3 stretching and O-CH3 stretching 
vibrations, respectively, in PMMA. PBA and PMMA have similar molecular 
backbones, only slight differences can be found in their FTIR spectra. Absorption at 
962 cm-1 was the characteristic peak of BA in P(BA-co-MMA) FTIR-ATR 
spectrophotometric results. These results are in agreement with literature [139]. 
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Figure 4.1 : FTIR-ATR spectra of pure PMMA and pure P(BA-co-MMA). 
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Figure 4.2 and Figure 4.3 shows the FTIR-ATR spectrums of prepared 5 wt.% DMF 
solution electrospinning solution, and DMF solvent. According to the this graph, 
FTIR-ATR spectrums for both of them approximately are the same due to the rich in 
DMF content in the solution. The CH3 symmetric stretching mode can be observed at 
2928 cm-1, C-H stretching mode at 2855 cm-1, C=O stretching mode at 1661 cm-1, C-
N stretching mode at 1504 cm-1, O=C-N stretching mode at 657 cm-1 for peaks of 
DMF solvent. However, FTIR-ATR spectra of  5 wt.%  DMF solution different from 
just one peak which at 1729 cm-1 is assigned to C=O stretching in P(BA-co-MMA). 
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Figure 4.2 : FTIR-ATR spectra of prepared 5 wt % DMF solution for 
electrospinning solution (red line), and DMF solvent (black line) 
[4000-600 cm-1]. 
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Figure 4.3 : FTIR-ATR spectra of prepared 5 wt % DMF solution for 
electrospinning solution (red line), and DMF solvent (black line) 
[2000-600 cm-1]. 
Figure 4.4 and Figure 4.5 shows the FTIR-ATR spectrums of prepared 5 wt % DMF 
solution for electrospinning solution, and obtained nanofibers from this solution. The 
peaks at 2953 cm-1, 1728 cm-1, 1437 cm-1, 1146 cm−1 and 962 cm−1 are assigned to 
CH stretching, C=O stretching, CH3 stretching, O-CH3 stretching vibrations and the 
characteristic peak of BA, respectively in P(BA-co-MMA). However, new peaks are 
observed FTIR-ATR spectrum of 5 wt.% DMF solution at 1661 cm-1, 1504 cm-1  and 
657 cm-1 are belong to C=O stretching, C-N stretching and O=C-N stretching, 
respectively. These peaks are characteristic peaks for the DMF solvent [140]. FTIR-
ATR spectrum of DMF solution approximately are the same that of DMF solvent due 
to the copolymer concentration lower than the solvent concentration. Therefore, 
peaks of copolymer are not good observed in DMF solution. However, DMF 
characteristic peaks disappear after the electrospinning process due to the solvent 
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evaporates during the electrospinning for the FTIR spectra of obtained nanofibers 
from this solution  
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Figure 4.4 : FTIR-ATR spectra of prepared 5 wt.% DMF solution for Electrospun 
solution, and obtained nanofibers from this solution [2000-600 cm-1]. 
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Figure 4.5 : FTIR-ATR spectra of prepared 5 wt.% DMF solution for electrospun 
solution, and obtained nanofibers from this solution  [2000-600 cm-1]. 
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Figure 4.6 shows the FTIR-ATR spectrums of pure P(BA-co-MMA) and nanofibers 
of this copolymer in different solutions. At the same time this graph indicates that the 
solvents are completely evaporated during the electrospinning process because all 
peaks were almost identical although different solvents were used for the preparation 
electrospinning solution. 
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Figure 4.6 : FTIR-ATR spectra of  (a) pure P(BA-co-MMA) and Obtained 
nanofiber from (b) 5 wt. DMF solution, (c) 5 wt. THF solution, (d) 5 
wt. Acetone solution. 
4.1.2 Nuclear magnetic resonance (NMR) spectroscopy of P(BA-co-MMA) 
Figure 4.7 shows the 1H-NMR spectra of copolymers recorded in CDCl3 using TMS 
as the internal standard. The peak at δ=3.99 ppm is due to the –OCH2 groups of BA 
and the peak at δ=3.64 ppm is due to –OCH3 group of MMA. Observing other peaks 
δ=2.03 ppm due to α-CH, at δ=1.38 ppm -2CH2-, at δ= 1.57 ppm -3CH2- and δ=0.91 
ppm due to the -4CH3- of n-butyl acrylate and  δ=1.08 ppm and δ=1.22 ppm to α-CH3 
of methyl methacrylate, respectively and δ=7.24 ppm is due to CDCl3. Moreover, a 
peak is observed at δ=3.46 is due to ethanol in remaining copolymer structure.  
 Figure 4.7: NMR spectrum of P(BA-co-MMA). 
 
 
Figure 4.8: NMR Spectrum of P(BA-co-MMA) (0.0-5 ppm) 
a
  
b
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The quantatity of MMA and BA in the copolymers was calculated from the integral 
ratio of methyl protons (-COOCH3) and methylene protons (-COOCH2) originated 
from MMA and BA respectively and these peak domains included methyl and 
methylene protons obtained from 1H-NMR spectrum in agreement with the literature 
[141, 142]. The mole fraction of MMA in the copolymer (FMMA) can be determined 
using the following relationship [143]; 
        =
	
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	
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                (4.1) 
Where A(-OCH3) and A(-OCH2) stand for the total peak areas of -OCH3 and -OCH2, 
respectively. A(-OCH3) was shown in Figure 4.8 and FMMA calculated as 0.821; A(-
OCH2) was shown in Figure 4.8 and FBA calculated as 0.178. According to the 
literature MMA has a higher reactivity ratio (Table 4.1), so its tends to react with 
itself more than BA during polymerization.  
Table 4.1: Reactivity ratios for the P(BA-co-MMA). 
rMMA rBA initiator medium polymerization Ref. 
0.920 0.130 SDS Water Emulsion 144 
1.871 0.291 AIBN Toluene Free radical 145 
2.279 0.395 AIBN Toluene Free radical 146 
2.24 0.414 AIBN n-Butyl acetate Free radical 147 
2.55 0.36 AIBN toluene Bulk 148 
This difference in reactivity ratios will lead to longer sequences of MMA, making 
the glass transition temperature of the copolymer higher than expected for this 
copolymer. 
4.1.3 Differential scanning calorimetry measurement (DSC) of P(BA-co-MMA) 
Tg values of the PMMA and P(BA-co-MMA) were determined as 117.92 °C and 
48.48 °C (Figure 4.9), respectively and it is realized that the presence of the 
BA content in the copolymers caused a decrease in the Tg values due to the increase 
in the number of -CH2- group in the copolymer. 
Tg value of PMMA homopolymer was reported as 105 oC [149] and Tg value of 
poly(BA-co-MMA) copolymer was reproted as 41.8°C [150] and 53 °C [151].  
According to the literature, incraese in the polymer of BA contents of the copolymer 
resulted in decrease in the Tg values of the copolymers. Decreasing trend of Tg value 
52 
with BA content is due to increase in main chain flexibility. These results are in 
agreement with the literature [152].   
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Figure 4.9 : DSC graph of P(BA-co-MMA). 
4.1.4 Molecular weight determination 
Mn and Mw results obtained from GPC are given in Table 4.2. Polydispersity index 
(PDI) of copolymers which were calculated from (Mw/Mn) and the copolymer 
intrinsic viscosities (η) in chloroform solutions were determined by using an 
Ubbelohde-type viscometer were also given in Table 4.2 
Table 4.2 : Mn, Mw, PDI and η results. 
Copolymer ηa  (dL/g) Mwb  (kg/mol) Mnb (kg/mol) PDI 
P(BA-co-MMA) 178 663 518 1.29 
4.2 Morhology of Fibers   
4.2.1 Effect of concentration of solution on nanofibers 
Five different samples have been prepared, changing the concentration of P(BA-co-
MMA) in DMF: 1 wt.%, 3 wt.% 5 wt.%, 8 wt.% and 10 wt.% of P(BA-co-MMA) in 
DMF. In this section, concentration effects on the diameters of nanofibers were 
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examined. Therefore electrospinning parameters have been hold same for all 
solutions (Table 4.3).  
Table 4.3: Electrospinning conditions and diameters of nanofibers. 
P(BA-co-
MA)/DMF 
solutions (wt%) 
Flow rate 
(ml/h) 
Distance (cm) Applying 
Voltage (kV) 
Diameters of 
Nanofibers 
(nm) 
1 1 15 15 Fibers not 
produced 
3 1 15 15 390±30 
5 1 15 15 600±50 
8 1 15 15 1780±100 
10 1 15 15 2240±40 
 
Figure 4.10 shows the scanning electron microscopy (SEM) images of P(BA-co-
MMA) nanofibers electrospun from 3%, 5%, 8% and 10% (w/v) P(BA-co-MMA)  
solution in DMF. The average diameter of electrospun fibers of different 
concentrations is determined by using Adobe Acrobat 8 Professional to randomly 
measure the diameters of 50 individual fibers shown in SEM images with x5000 
magnitude. The diameters of the fibers increase slightly as the concentration of the 
P(BA-co-MMA) solution is increased (Table 4.3). An increased in the concentration 
results in greater polymer chain entanglements within the solution which is necessary 
to maintain the continuity of the jet during electrospinning. We find that the P(BA-
co-MMA) solutions yielded Bead-free nanofibers due to the greater polymer chain 
entanglements and viscosity of the solutions, but fibers did not observed for 1% 
(w/v) P(BA-co-MMA) solution due to the smaller polymer chain entanglements and 
surface tension effects could be dominant with decreased polymer 
concentration/solution viscosity. So, the concentration of P(BA-co-MMA) solution is 
increased to 3% (w/v) uniform bead-free P(BA-co-MMA) nanofibers were obtained 
with a diameter of 390±30 nm. This shows that a high concentration/viscosity is 
required to produce uniform bead-free P(BA-co-MMA) nanofibers.  
Many experiments have shown that a minimum viscosity for each polymer solution 
is required to yield fibers without beads [93,78], but the 5 wt.% P(BA-co-MMA) 
solution was determined the best electrospinning solutions because of the continuous 
electrospinning process for this study. 
a 
 Figure 4.10 : SEM images of the samples at different P(BA-co-MMA)/DMF 
concentrations: 3 wt.% (a), 5 wt.% (b), 8 wt.% (c) and 10 wt.% (d). 
4.2.2 Effects of dielectric constant of solvent mixture on nanofiber 
In order to determine an optimum solvent system for electrospinning P(BA-co-
MMA), different single and solvent mixture systems were studied. Three solvents 
with different electrical conductivities were used to prepare P(BA-co-MMA) solution 
at a fixed polymer concentration of 5 wt%.  Dielectric constant values of Solvent 
mixture were calculated by the following equation; 
εm=ε1x1 + ε2x2        (4.2) 
where ε1 is the dielectric constant of the solvent and x1 is the corresponding volume 
fraction [153]. 
Dielectric constants of different solvents and diameter of resulting nanofibers 
prepared in  these solvents shown in Table 4.4.  
 
b 
c d 
a 
Table 4.4 : Dielectric constants of different solvents and diameter of resulting 
nanofibers prepared in  these solvents. 
Polymer 
Concentration 
(wt%) 
Solvents Dielectric 
Constant 
Diameter of 
Nanofibers 
(nm) 
5 DMF 36.71 600±20 
5 Acetone 20.7 870±40 
5 THF 7.47 1600±80 
(*Electrospinning conditions are the same for all samples. Flow rate: 1ml/h, Distance:15cm, Applying 
Voltage: 15kV) 
Figure 4.11 shows the scanning electron microscopy (SEM) images of P(BA-co-
MMA) nanofibers electrospun from 5% (w/v) P(BA-co-MMA) solution in different 
solvents (DMF, Acetone and THF).  
Bead-free nanofibers can be obtained for the polymer solutions having high dielectric 
constant. Figure 4.11(a) shows the nanofibers of 5% DMF solution. It has the lowest 
diameters of nanofibers among the others due to its highest dielectric constant.  
Figure 4.11(c) shows the beaded nanofibers of  THF solution which has the highest 
diameters of nanofibers due to its lowest dielectric constant. Comparison of  Figure 
4.11(a) and Figure 4.11(b), In Figure 4.11(a) shows that production of nanofiber and 
electrospinnability are easier because of solution dielectric constant. In general, SEM 
images indicate that the bead-free nanofibers are obtained except for obtaining 
nanofibers from THF solution shown in Figure 4.11(c) in this study.  
 
 
 
 
 
Figure 4.11: SEM images of- nanofibers from (a) 5%DMF solution (b) 5%Acetone 
solution and (c) 5% THF solution. 
a 
b 
c 
To show the  dielectic effect of solvents on fiber formation , solution mixtures 
consist of DMF with the same ratio of THF and Acetone were also studied (Table 
4.5). Generally,  dielectric of a solution reflects a charge density on a jet thus 
elongation level of a jet by an electrical force. Therefore, under the same flow rate (1 
ml/h), applied voltage (15kV) and spinning distance (15 cm), a solution with a higher 
electrical conductivity may cause higher elongation of a jet along its axis and thus 
electrospinning fibers with smaller diameter. 
Table 4.5 : The  dielectic effect of further solvent mixtures on fiber formation , 
solution mixtures consisting  of DMF with the same ratio of THF and 
Acetone. 
Polymer 
ConcTentration 
(wt%) 
Solvents Mixture ratio 
of solvents 
(wt%) 
Dielectric 
Constant 
Diameter of 
Nanofibers 
(nm) 
5 DMF/Acetone 50/50 28.705 720±25 
5 DMF/THF 50/50 22.09 790±30 
5 THF/Acetone  50/50 14.085 1200±40 
Figure 4.12 shows the (SEM) images of P(BA-co-MMA) nanofibers electrospun 
from 5% (w/v) P(BA-co-MMA) solution in different solvents mixtures. Increasing 
the dielectric constant results a decrease in the fiber diameter and improve the fiber 
morphology. THF/Acetone mixture has the lowest dielectric constant, so it exhibited 
the highest fiber diameters (Figure 4.12 (C)). 
 
 
 
 
 
 
 
 
 
 
Figure 4.12: SEM images of nanofibers from (a) DMF/Acetone , (b) DMF/THF , (c) 
THF/Acetone solution mixtures. 
a
b 
c 
a b 
c 
c 
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DMF/THF at various volume ratios such as 25/75, 50/50 and 75/25 and neat THF 
significantly changed the fiber morphology provided other experimental parameters 
remained constant.  
Table 4.6 indicates the effect of solvent mixture ratio  on dielectric constant and fiber 
diameter by using DMF/THF solution mixture. Increase in  the DMF content causes 
an increase in dielectric constant which results a decrease in the fiber diameter and 
improve the fiber morphology. These results are in agreement with in literature 
[111].  
Table 4.6: Effect of solvent Mixture ratio and dielectric constants of DMF/THF 
solutions on nanofiber diameters. 
Polymer 
Concentration 
(wt%) 
Solvents Mixture ratio 
of solvents 
(wt%) 
Dielectric 
Constant 
Diameter of 
Nanofibers 
(nm) 
5 DMF/THF 25/75 14.78 995±50 
5 DMF/THF 50/50 22.09 800±30 
5 DMF/THF 75/25 29.40 680±40 
 
Effect of solvent Mixture ratio DMF/THF solutions on nanofiber diameters are 
shown in Figure 4.13. Solvent evaporation is also important factor on the fiber 
morphology. P(BA-co-MMA) solution at higher ratios of the THF and DMF solvent 
mixtures, more solvent evaporation occured due to the higher vapor pressure of THF 
and was predicted to evaporate right from the tip of the capillary. On the other hand, 
since DMF has lower vapor pressure, it was expected to evaporate slowly especially 
likely after deposition of fibers on the target. Therefore, at lower DMF/THF (25/75) 
ratios, rate of the solvent evaporation from the fiber surface increased due to the 
large volume of THF in the polymer solution and caused the fiber diameters increase. 
The THF solvent affected the bead formation (Figure 4.11(c)). It was known that the 
formation of beads and beaded fibers was driven by the surface tension coefficient 
depended on the polymer and solvent . During the electrospinning of P(BA-co-
MMA) with increased THF ratios in DMF/THF mixture, the solution was noticed to 
lose the capability to form more fibers than beaded due to higher THF evaporation 
rate. It was expected that surface tension of DMF/THF (25/75) gradually increased 
and thus the solution lost the capability to form more fibers against the relatively 
higher surface tension. As a result, increasing THF amount in the mixture caused by 
increasing fiber diameter and beads occur with fibers in only THF (Figure 4.11(c)).   
  
 
 
 
 
 
 
 
 
Figure 4.13 : SEM images of nanofibers from (a) DMF/THF (%25/75), (b) 
DMF/THF (%50/50) and (c) DMF/THF (%75/25) solution mixtures. 
Significant changes in fiber diameter and morphology with various processing 
parameters including solvent evaporation and dielectric constant was realized. By 
using  different solvents and solvent mixtures different fiber diameters have been 
observed. Figure 4.14 shows relationship between dielectric constant and diameter of 
nanofibers. As it can be seen, increasing dielectric constant caused a decrease in fiber 
diameter.  
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Figure 4.14: Relationship between Diameter of nanofibers and Dielectric constant. 
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As the dielectric constant 
increases, fiber diameter 
decreases 
4.2.3 Effect of flow rate on nanofiber  
To study effects of Flow rate on morphology of electrospun fibers, DMF was used as 
a solvent for dissolving P(BA-co-MMA) given in Table 4.7. 
Table 4.7: Electrospinning conditions of P(BA-co-MMA) in DMF with different 
flow rate. 
P(BA-co-MMA)/DMF 
solutions (wt%) 
Flow Rate  
(ml/h) 
Distance 
 (cm) 
Applying Voltage 
(kV) 
Diameters of 
Nanofibers 
5 1 15 15 600±20 
5 3 15 15 820±40 
5 5 15 15 990±50 
5 7 15 15 1180±80 
In Fig. 4.15 the SEM images of the four samples are reported. All the images show 
the presence of nanofibers. When the flow rate is increased, a corresponding increase 
in the fiber diameter was observed as shown in Table 4.7. This is apparent that there 
is a greater volume of solution fiber is drawn away from the needle tip [99,102]. The 
diameter values range from 390 nm to 1180 nm for the P(BA-co-MMA) nanofibers. 
Figure 4.15 also shows that the morphology of the electrospun P(BA-co-MMA) 
fibers was not significantly changed except for diameters of nanofibers with varied 
volume flow rate.  
 
Figure 4.15 : SEM images of the samples at different Flow rates; (a) 1 ml/h, (b) 3 
ml/h, (c) 5 ml/h, (d) 7 ml/h. 
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According to parameter studies presented, polymer concentration, and dielectric 
effects of solvents were found to play a significant role in controlling the 
morphology of the electrospun nanofibers while the voltage and the flow rate were 
less effective compared to those parameters. Therefore, it can be noted that the 
morphology of the electrospun nanofibers is primarily affected by polymer 
concentration, its molecular weight and dielectric of solvents (primary parameters), 
followed by the voltage and the feed rate (secondary parameters) [154]. 
4.3 Fluorine-Containing Acrylate, Butylacrylate and Methylmethacrylate 
Copolymer Characterization  
4.3.1 FTIR-ATR spectrophotometric analysis 
The FTIR-ATR spectra of nanofibers of BA,MMA and fluorine-containing acrylate 
copolymer are shown in Figure 4.16.  FTIR-ATR spectra were recorded in the 
absorbance mode.  
Figure 4.16 shows the peaks at 2950 cm-1, 1728 cm-1, 1435 cm-1and 1149 cm−1 are 
assigned to CH stretching, C=O stretching, CH3 stretching and O-CH3 stretching 
vibrations, respectively, in PMMA. Absorption at 962 cm-1 was the characteristic 
peak of BA in P(BA-co-MMA), but 1726 cm-1 and 1145 cm−1 are assigned to CH 
stretching and CH3 stretching respectively, in BT-9. The typical stretching vibration 
and wagging vibration of C-F bonds were at 1190 cm-1 and 690 cm-1 (Figure 4.16 and 
Figure 4.17) which did not appear for FTIR-ATR spectra of P(BA-co-MMA). 
Therefore, the FTIR-ATR spectra revealed that Zonyl-TM had effectively 
participated in polymerization. These results are in agreement with literature [45-48]. 
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Figure 4.16 : FTIR-ATR spectrums of BA,MMA and fluorine-containg acrylate 
Copolymer [4000-600 cm-1]. 
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Figure 4.17 : FTIR-ATR spectrums of BA,MMAand fluorine-containing acrylate 
copolymer [1400-600 cm-1]. 
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Figure 4.18 shows the FTIR spectrum of the BT-1, BT-4 and BT-9 copolymers. This 
spectra indicates that by increasing the concentration of copoymers increases the 
absorbance. In these spectra, the characteristic stretching peaks of C–H and C=O 
group are obviously appeared at 2951 and 1726 cm-1, respectively, resulting from the 
presence of BA, MMA and PFMA units all containing the  CH2 and C=O groups. In 
the fingerprint region, there is one medium band at 690 cm-1, which is belong to C-F 
wagging vibration [44].  
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Figure 4.18 : FTIR-ATR spectrums of BT-1, BT-4 and BT-9 nanofibers. 
The calibration curve   is  obtained from the data shown in Figure 4. In this graph  
absorbance ratio of C-F str (1190 cm-1)/ C-F str( 1190 cm-1) + C=O (1728 cm-1 ) 
against the MMA content (wt%) was plotted determined by FTIR-ATR . Figure 4 
helps to find the MMA content (wt%) of a PFMA-ran-MMA-ran-BA copolymer by 
using  the main characteristic peaks of poly(PFMA-ran-MMA-ran-BA) using  FTIR-
ATR spectrophometer. The reason for the deviation from linearity comes from the 
interference of peaks at the same wave numbers. 
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Figure 4.19 : Relationship between Absorbance ratio and MMA content (C=O str. 
1726 cm-1; CH3 str. 1445 cm-1 is taken ). 
4.3.2 Nuclear magnetic resonance measurements (NMR) of 
perfluoromethacrylate copolymers 
The indicative 1H NMR spectra of BT-4 copolymer is given in Figure 1. The peak at 
4.25 ppm (a) was attributed to the methylene attached to the carboxyl group bonded 
to the perfluorooctyl group in Zonyl-TM. The intensity of the peak at 3.6 ppm (b) 
resulting from the methyl group in MMA and the peak at 4.0 ppm (c) was attributed 
to the methylene attached to the carboxyl group in BA. The quantity of MMA, BA 
and Zonyl-TM in the copolymers was calculated from the integral ratio of methyl 
protons (-COOCH3) and methylene protons (-H2Rf) originating from PMMA, PBA 
and PFMA respectively, and these peak domains included methyl and methylene 
protons obtained from H-NMR spectrum in agreement with the literature [45]. 
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Figure 4.20 : Indicative 1H-NMR spectrum of BT-4 copolymers. 
4.3.3 Molecular weight determination of perfluoromethacrylate copolymers 
Mn and Mw results obtained from GPC are given in Table 4.8. Polydispersity index 
(PDI) of copolymers which were calculated from (Mw/Mn) and the copolymer 
intrinsic viscosities in chloroform solutions were determined by using an Ubbelohde-
type viscometer were given in Table 4.8. The higher molecular weight polymer 
exhibits higher viscosity, for this reason to obtain the same viscosity higher 
concentration of lower molecular weight polymer was used for the electrospinning 
[155]. Thus, the concentration of copolymers were chosen in a way that it balances 
its viscosity properties i.e., The concentration of BT-1 is taken maximum, and the 
amount of P(BA-co-MMA) is taken as minumum.  
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Table 4.8: Intrinsic viscometric  measurement results and , Mv, Mn, and Mw values of 
the copolymers  from GPC. 
 
Copolymer 
ηa  
(dL/g) 
Mwb  
(kg/mol) 
Mnb 
(kg/mol) 
PDI Concentration 
(mmole/L) 
PMMA - 75 - - 2 
P(BA-co-MMA) 178 663 513 1.29 0.13 
BT1 9.9 20.4 12.1 1.69 300 
BT4 35.0 80.4 26.4 3.05 7.5 
BT9 14.9 32.0 11.8 2.71 15.0 
a
 Determined from Ubbelohde-type viscometer 
b
 Determined from GPC 
4.3.4 Differential scanning calorimetry measurement (DSC) of 
perfluoromethacrylate copolymers 
Park et al. reported that the homopolymers and the random copolymers of 
perfluoromethacrylate. MMA resulted a single peak in their DSC thermograms like 
our random copolymers, but the graft copolymer and mixture of the homopolymers 
exhibit two peaks [151]. Thus, our indicative DSC thermogram result of BT-9 
samples showed that our copolymers were random (Figure 4.21). In Figure 4.22, Tg 
values of the PMMA, BT-1, BT-4 and BT-9 were determined as 117.92 °C, 53.53 
°C, 57.38 °C and 67.83 °C, respectively and it is realized that the increase of the 
BA content in the copolymers caused a decrease in the Tg values due to the increase 
in the number of -CH2- group in the copolymer. 
Tg value of PMMA homopolymer was reported as 105 oC [149] however Tg value of 
the poly(Zonyl-TM) homopolymer which was synthesized in the heterogeneous CO2 
medium determined as 40 oC [27].and  Tg value of poly(BA-co-MMA) copolymer 
was reported as 41.8 [150] and 53 °C [151] and  for DFHMA-MMA-BA copolymer 
as 76 °C [155].   
Previous study [27] indicated that the increase in the Zonyl TM content of the 
copolymer caused a decrease in the Tg value of copolymers. In this study, increase in 
the both of the long chain monomer of Zonyl TM and BA contents of the copolymer 
resulted in decrease in the Tg values of the copolymers. These results are in 
agreement with the literature [27,155]. Decreasing trend of Tg value with BA and 
Zonyl-TM content is due to increase in main chain flexibility. 
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Figure 4.21 : Representative DSC thermogram of BT-9 samples. 
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Figure 4.22 : Graph of Tg values versus BA content 
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4.3.5 Morphology of perfluoromethacrylate copolymer fibers 
Table 4.9 shows the concentration, Diameter of nanofibers and electrospinning 
conditions. Feed flow rate values were adjusted according to following relationship 
between molar concentration and concentration by weight and inclusion of flow rate; 
Cc[Concentration (mole/l)] .M[ Molecular weight (g/mole)] = CmConcentration as 
weight(g/l) 
Cc [Concentration (mole/l ) ]. M [Molecular weight (g/mole)] .[flow rate (ml/h) ].  
( 1 l/1000 ml)  = FR [Feed flow rate (g/h)] 
Feed flow rate (FR) (as weight) as weight for all samples were calculated 
accordingly.  From Table 4.9 it can be concluded that as the concentration  increase 
there is a n increase  in the diameter of fibers. 
Table 4.1 : Diameters of nanofibers and Electrospinning conditions. 
Copolymer Code Concentration 
(g/L) 
Diameter of 
Nanofibers 
(nm) 
Feed 
Flow rate 
(g/h) 
Flow 
rate 
(ml/h) 
Applying 
voltage 
(kV) 
PMMA 
Poly(BA-co-
MMA) 
BT-1 
BT-4 
BT-9 
150 
80.0 
 
612.000 
603.000 
480.000 
240 
1780 
 
320.2 
839.5 
1071 
0.150 
0.0810 
 
0.306 
0.603 
0.960 
1 
1 
 
0.5 
1 
2 
15 
10 
 
15 
20 
15 
*Distances were 15 cm for all samples except for BT-4 sample which was 10 cm 
SEM images of all nanofibers were shown in Figure 4.23. The images indicate that 
the Mw and Zonyl-TM content of copolymer influences the formation of nanofibers. 
Increase in the Mw of copolymers, eases to electrospin process and the fiber number 
grows due to the viscosity. As the viscosity of the solution is too low, electrospinning 
may result polymer particles (beads) which are formed instead of fibers like BT-1. At 
lower viscosity the polymer chain entanglements are lower; the beaded fibers can be 
obtained instead of smooth fibers like BT-4 and BT-9 [53]. Concentration of BT-1 is 
the highest, but Mw of BT-1 is the lowest, hence, BT-1 solution could not be viscous 
enough, so beads are observed.  
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Figure 4.23 : SEM images of Poly(BA-co-MMA), BT-1, BT-4 and BT-9 nanofibers 
with diffrent magnification. 
Figure 4.24 shows the effects of Fluorine content on the fiber diameter. Increasing in 
the Zonyl-TM content of the copolymer resulted in decrease in the fiber diameter due 
to the lowering solubility of the copolymer in organic solvent [42]. Therefore, 
reduces of viscosity of solution makes electrospinning process difficult. These results 
lead to observe hierarchical structure which has nanofibers and micro beads in the 
structure together. BT-1 has the highest Fluorine content and the lowest fiber 
diameter because of hierarchical structure. As it can be seen from Figure 4.24 an 
increasing Fluorine content caused by a decrease in diameter of nanofibers due to the 
viscosity. 
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Figure 4.24 :  Diameter of Nanofiber versus Fluorine Content Mole Fraction     
(mole %). 
When the diameter of BT-1 and BT-9 nanofibers are compared, BT-9 has shown a 
higher fiber diameter due to the high feed flow rate although the other 
electrospinning process conditions are the same (Table 4.9). According to our 
investigation for the understanding of the presence of beads, we can conclude that 
the increasing flow rate causes greater volume of solution drawn from the needle tip 
and then the jet takes a longer time to dry. As a result, the solvents may not have 
enough time to evaporate and beads can be formed [138]. 
4.4 Contact angle measurement of perfluoromethacrylate copolymer fibers  
Advancing (θa), receding (θr) and equilibrium (θe) contact angle results for water 
droplets and θe contact angle results for glycerol and ethylene glycol liquids on 
electrospun fiber surfaces are given in Table 4.10. These results indicated that, the 
electrospun copolymeric nanofibers were superhydrophobic with a water contact 
angle changed from153o to 172o depending on not only fiber size but also presence 
of bead. The nanofibers were also superoleophobic, when higher surface tension oils 
were used (∼45 mN/m) such as a glycerol and ethylene glycol contact angle of 
167±1 and 163±1 were obtained, respectively.  But when lower surface tension oils 
were used such as hexadecane (27.5 mN/m), only BT-1 sample can be measured with 
the contact angle of hexadecane drop as 70o, other samples were not measured due to 
the spriding fastly on the surfaces.  
Table 4.2 : Equilibrium, Advancing, Receding Contact Angle and Contact Angle 
Hysteresis (CAH) Results of Water Drops and Equilibrium Contact 
Angle Results of Organic liquids on Nanofiber Polymeric Substrates by 
Electrospining. 
Copolymer 
Water (o) Glycerol 
(o) 
Ethylene 
Glycol (o) θe θadv θrec CAH 
P(BA-MMA) 130 135 110 25 120 N/A 
BT1 172 172 168 4 167 163 
BT4 153 155 145 10 147 142 
BT9 169 169 166 3 150 145 
Figure 4.25 indicated that diameters of nanofiber have an effect on the contact angle 
(increase from 130o to 172o) and nanofiber diameter (from 320 nm to 1780 nm) and 
minumum contact angle and maximum nanofiber diameter can be obtained. 
Poly(BA-co-MMA) have exhibited the highest diameter but lowest contact angle.   
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Figure 4.25 : The relationship between Contact Angle and Diameter of nanofibers 
for poly(BA-co-MMA) and fluorinated copolymers. 
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Increasing the Fluorine content of composite should have an effect on the contact 
angle due to the Fluorine content on nanofiber surface. The expectation is, higher the 
Fluorine content, higher the contact angle (see Table 4.10) as it can be seen from 
Table 4.10 for all samples it was the case except for BT-9.  
The highest contact angle is found for BT-1 due to the contact angles of bead fibers 
are higher than that of bead-free fibers for the samples [156]. Quite number of 
nanofibers and micro beads appear on the BT-1 structure and such a micro-nano 
hierarchical structure (Figure 4.26) leads to a superhydrophobicity with a contact 
angle of 172o.  
 
Figure 4.26 : SEM images of BT-1 
According to the H. Xiang et al. and R. Asmatulu et al. smaller fibers have higher 
contact angle than that of larger fibers for the same samples [132,157]. However, in 
this study copolymer contents are variable and thus these phenomenons are exactly 
not the similar.  
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5.CONCLUSION 
The first objective of this theses was to obtain Nanofibers of n-Butyl 
Acrylate/Methyl Methacrylate copolymer by electrospinning method. Thus, first n-
Butyl Acrylate/Methyl Methacrylate copolymer was synthesized [P(BA-co-MMA) 
]by Emulsion polymerization in aqeuos medium. FTIR-ATR spectra and NMR 
spectrum revealed that BA and MMA had effectively participated in polymerization. 
SEM images indicate that the diameters of P(BA-co-MMA) nanofibers were strongly 
dependent on polymer solution concentrations, dielectric constant of solution and 
flow rate. Based on the parameter study, electrospun P(BA-co-MMA) fibers as small 
as 390±30 nm were successfully produced. The diameters of the fibers increase 
slightly as the concentration of the P(BA-co-MMA) solution is increased and Bead-
free nanofibers and smaller fiber can be obtained for the polymer solutions having 
high dielectric constant. Moreover, processing conditions were examined and as the 
flow rate is increased, fiber diameter increases. This is apparent that there is a greater 
volume of solution fiber is drawn away from the needle tip. The diameter values 
range from 390 nm to 1180 nm for the P(BA-co-MMA) nanofibers. 
The second objective of this theses was to produce nanofibers of acrylate-based 
copolymers with unique properties imparted by the presence of fluoroalkyl 
containing monomer, which we have succeeded to obtain nanofiber of poly(PFMA-
ran-MMA-ran-BA) beaded fiber and bead-free fiber formation which was not the 
case in most of previous studies for similar structure. These results indicate that 
successful preparation of surfaces with  fluorine containing copolymers are possible 
by using electrospinning technique. Such Electrospun nanofiber might open the 
possibility of designing new specific membranes, biomedical and reinforced 
composite applications. It was found that the molecular weight and feed flow rate of 
the copolymers has an important effect on nanofiber formation and less bead 
formation.   Maximum feed flow rate resulted as 1,78 µm fiber diameter. 
Superhydrophobic surfaces are obtained by a simple one-step method of 
electrospinning of fluorinated copolymers. The hydrophobicity and 
superhydrophobicity seems to be related to the surface morphology. Such surface 
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formation (water-resistant coatings) indicated the superhydrophobicity ‘water-roll’ 
effect at an angle of about 0 0,( water droplets on such surfaces  rolles  away). The 
results are comparable with the corresponding nonfluorinated copolymer. 
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